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Abstract
Nanoplasmonics has provided a way to control light with extremely high precision, into
nanoscale volumes. In many circumstances, the nanoplasmonic devices which can be realised are
fabricated using processing techniques which rely on planar technologies.
This thesis provides a general method to make nanoplasmonic devices on a flexible membrane
structure, which can be free standing, extremely thin (less than the wavelength of visible light),
but retains the ability to be manipulated without loss of optical function. These devices are very
pliant and conformable. Flexibility allows the integration of nanoplasmonic devices into many
new applications where curved surfaces or the ability to conform to another object is required, as
well as providing a route for post-fabrication tunability. Two specific applications are considered:
lab-on-fibre technology and surface enhanced Raman spectroscopy.
Lab-on-fibre technologies have been advancing the ability to miniaturise experiments which
would normally require a whole laboratory. Fabricating a membrane and then later applying it
to the fibre decouples the choice of fibre from the design of the device. Surface enhanced Raman
spectroscopy is a powerful diagnostic tool which can uniquely identify an optical fingerprint of
different molecules. The technique has been held back from widespread clinical adoption because
of the difficulty of reproducibility of the substrates used. A repeatable and reliable rigid substrate is
demonstrated, which can identify the concentration of a three component mixture of physiologically
relevant biomolecules. This same design is then shown in a flexible form factor, which is applied to
a non-planar landscape where it can identify the locations where a molecule of interest has been
deposited.
This thesis details the development of the fabrication protocol, the construction of experi-
mental apparatus for characterisation, and the use of numerical modelling to advance the flexible
nanoplasmonic membrane platform.
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Chapter 1
Introduction
1.1 Nanoplasmonics
Nanoplasmonics is the use of nanoscale metallic structures to control and confine light. The
diffraction limit defines the smallest length scale to which light can be focused with a lens, which is
about half the light wavelength. The power of nanoplasmonics comes from the ability to go well
beyond the diffraction limit, and confine optical fields using plasmonic resonances.
Plasmonic resonances have been used unknowingly for many centuries in stained glass, where
metallic nanoparticles suspended in the glass give rise to many beautiful colours, particularly
the reds used in medieval cathedral windows [11]. The colour arises from a localised plasmonic
resonance of the nanoparticles, set into the dielectric environment of the glass. The interaction of the
nanoplasmonic resonance and its environment is very sensitive because the enhanced electric fields
on the surface of metallic features probe strongly the electric permittivity, or refractive index, of the
surrounding material. This effect has formed the basis for many highly sensitive sensor designs,
which exploit the strong dependence of the the resonance on environment by immobilising biological
materials onto nanoplasmonic elements, altering the local refractive index [12]–[15].
The ability to confine optical energy to very small volumes dramatically increases the electric
field strength. This effect can be used to excite non-linear processes, which would otherwise be very
weak and difficult to observe [16], as well as efficiently exciting fluorophores [17]. The reverse also
occurs, when light is extracted from an object or molecule of interest and emitted to the far field
[18]. Confining optical energy to extremely small volumes, and building networks through which
the energy can propagate has given rise to research in plasmonic circuitry, which seeks to combine
the data transmission properties of optics and the size efficiency of integrated electronics [19].
Nanoplasmonics requires the fabrication of sub-wavelength features, and in some cases mac-
roscopic effective optical properties arise from many of these nanoscopic features acting together.
These kind of materials are known as metamaterials, discussed in section 1.5. The optical properties
which can be generated include perfectly absorbing materials [20], and negative refractive index
materials [21]. Transformation optics, the study of how spatially varying optical properties can
behave as coordinate transforms [22], has shown how nanoplasmonic materials can be designed to
act as cloaking devices [23].
This thesis concerns building a capability to fabricate nanoplasmonic devices in flexible form
factors. Nanoplasmonic membranes can have all the same functionality as their rigid counterparts,
but can benefit from the extra degrees of freedom that flexibility brings. Fabrication schemes for
flexible structures are harder to implement than rigid counterparts, so implementing a general
method to realise nanoplasmonic functionality in a flexible format is the first important step. The
fabrication techniques used to pattern photonic devices are typically derivatives of the methods
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developed for the electronics industry. Although rigid planar materials are standard, electronics is
also currently developing the capability for flexible devices [24], [25].
1.2 Flexibility
Flexible electronic circuits are used in many consumer electronics appliances today, mainly as a
method to arrange all the required components of a device, such as a mobile phone, into the smallest
possible package. As research has continued, new applications have arisen such as smart fabrics
to enable sensing and computing in clothing [26], which could open applications for unobtrusive
medical monitoring and diagnosis, or integrating electronic components into paper [27] makes
a versatile platform, which is cheap and disposable. Integrating pressure sensors onto flexible
substrates has led to research in synthetic skin, which have been proposed to give remote tactile
feedback from robotic devices [28]–[30].
Flexibility in these cases has given electronics several extra abilities: a new form factor for small
devices; integration into everyday objects (clothes and paper); and integration with biological objects
(fingers) which are generally not flat.
Flexible electronics also includes photonic applications such as flexible displays [31]. Many of the
big consumer electronics companies have announced flexible electronic displays, using electronic
ink or organic light emitting diodes [32]. Although bendable devices have not, as yet, been mass
produced, some consumer electronics already include flexible screens, such as the Samsung Galaxy
Edge range, but these are set into rigid casing before sale. Photovoltaics is another area where
electronics and photonics meet, and here too there is demand for flexible solar cells, including from
satellite manufacturers, and other users where the form factor used during transport is not the same
as the unfolded shape which is most efficient for collecting light. Such origami solar cells can stretch
to be 644% larger in visible area than when folded [33]. Flexible photovoltaic cells which are ink jet
printed [34] could broaden the scope of solar energy by reducing cost.
In the case of flexible optoelectronics, new materials are enabling cheaper manufacturing, with
the potential to be scaled up to large areas. Roll-to-roll fabrication promises the ability to create very
large areas with nanoimprinted features [35], or nanowires [36], on the substrate.
Flexible materials for nanoplasmonics would give the same new advantages as electronics is
gaining, to materials which have fine control of light at the nanoscale. Specifically, the nanoplasmonic
resonances seen in stained glass could be integrated into existing technologies to create filters and
sensors in locations where a material needs to be able to bend, or conform to a host. The sensing
capability of nanoplasmonics could be applied to biological objects, which are rarely planar. The
applications for engineered effective properties would be greatly increased by flexible materials, as
isotropic three dimensional invisibility cloaking, or perfect absorbing, requires rotational symmetry
which can only be achieved by curved surfaces, and flexibility provides a route to realise these
devices.
In some cases non-planar materials with extreme optical properties are required to enable new
applications. Hyperlensing relies on having a curved anisotropic material with different signs for the
radial and tangential electric permittivities [37]. This enforces the light from the focus to propagate
only radially, but the curved nature of the lens magnifies the nanoscale image from this point until it
is large enough to be captured by conventional optics.
Flexible materials can also be made elastic. Elasticity enables the distances between nanoplasmonic
elements to be changed after fabrication [38], or to change the size and shape of the elements
themselves [39]. In the next chapter, the shape of nanoplasmonic elements is shown to have a
strong effect on plasmonic resonances, which in turn determines the spectral response of a device.
Surface enhanced Raman spectroscopy (SERS), which will be examined more closely in chapter 6,
has benefited from the tunability of metallic structures to reveal the relationship between plasmonic
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resonance and signal enhancement [40]. Stretching a host substrate has also enabled tunable
anisotropy [41], as well as shifting a laser resonance over a range of 100 nm [42].
Flexible membranes have the advantage of reversible application in many instances. Unlike
direct fabrication onto a host substrate, or introducing nanoparticles into a mixture of compounds, a
flexible nanoplasmonic membrane is a continuous complete object which can be removed all at once.
Although van der Waals’ forces can lead to permanent adhesion, this can be in some ways relieved
by careful use of materials, or using a membrane material which can be chemically removed after
use.
1.3 Flexible Nanophotonic Fabrication
Fabrication is an important limitation to all technologies, as the work remains purely theoretical if it
is impossible to create a realisation of a device. Metallic multilayer metamaterials have be created
by rolling a metal/polymer bilayer around a glass rod [43]. In this way distributed Bragg reflectors
can be made, either by rolling multilayers, or by origami-style folding [44]. In these cases complete
layers are deposited, and then removed from a rigid substrate.
Nanoplasmonic materials in general require a patterned metal layer. Some fabrication technologies
can deposit features in a way which is substrate agnostic. These methods can pattern rigid or flexible
materials, as required. Nanotransfer printing does this, where a master stamp is “inked” by materials
evaporated onto it, before the deposited materials transfer onto another substrate. This process has
created flexible negative index materials [45]. Such extreme optical property materials are essential
for enabling some metamaterial devices. In a similar way, nanostencil lithography creates a mask
with holes, through which metals can be directly evaporated onto a substrate, including flexible
ones [46]. Diffusion through the mask limits the smallest feature that can be made in this way, but
structures down to around 100 nm have been fabricated.
Elastomers have been a particular area of development, which has given rise to the field of soft
lithography [47], [48]. Soft lithography includes nanoimprint lithography, where an elastomeric
stamp is created which can imprint nanostructures onto a substrate. Flexible polymer lasers can
be created in this way, using a stamp to define the cavity [49]. Stamps can be made which are
able to print onto curved materials [50], unlike planar technologies. The stamp can be reused, so
this is a cheap way to cover large areas, and roll-to-roll nanoimprint has been demonstrated [51].
Nanoskiving is a method where a solid block of epoxy is patterned through with structures, using
any desired soft lithography method, like a stick of rock, which is sliced into layers as thin as 30 nm
[52]–[54].
All of the patterning methods above have found methods to avoid using the traditional fabrication
methods for creating microphotonic devices, such as photonic crystals. In turn, these methods
had previously evolved from technologies derived from the semiconductor industry, where rigid
silicon-based materials are a convenient form factor. Silicon, though, is very inflexible and so
these technologies have limited the development of flexible materials. In contrast, this thesis gives a
general method for fabricating patterned metallic structures on a flexible substrate, using the standard
techniques which have been developed for the semiconductor processing industry, specifically using
electron beam lithography (EBL).
1.4 The Focus on Conformability
In this thesis, the requirement for elasticity is dropped. There are some advantages in this restriction.
Not only does the fabrication become, potentially, easier, but it also enables the nanoplasmonic
devices made to have a definite and well defined function. Much of the physics of nanoplasmonics
is concerned with very small distances, and if these can change due to applied stresses, whether
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intentional or not, then the device becomes much more difficult to use. Additionally, conformability
is a key enabling technology which has already made an impact in electronics. Therefore, the focus
of this thesis is on conformable, rather than elastic, flexibility.
Conformability is the property of a material to change shape to follow the curves and contours of
another object. In many cases the flexible nanoplasmonic materials mentioned previously are not able
to do this, as they are on host substrates which are very thick, which limits the radius of curvature of
the material. In the other extreme of substrate thickness, self-assembled monolayers have been able
to fabricate free-standing membranes only 1 nm thick. This is possible using a membrane made from
1,1-biphenyl-4-thiol [55], [56]. Although this approach has resulted in gold features being fabricated
on this substrate, the weakness of the substrate limits the distance across which the material can
be suspended to 10s of microns [57]. It is clearly desirable from a utility point of view if a flexible
material can be made free standing.
In contrast, here a method to fabricate materials is presented, which are flexible enough to fold
back on themselves, but still have the structural integrity to be free standing across several centimetres.
Also, at variance with many of the new fabrication techniques described, the devices are built using
standard processes adapted from the tools of the semiconductor community. This provides the
highest level of repeatability and control over realising the intended design. The membrane may
play a part in the operation of the device, or it may simply be a host for the nanostructure. In either
case, this is a general fabrication method, and the two applications discussed in detail here are two
potential lines of enquiry for this platform, and are not intended to be restrictive.
1.5 Relation to Metamaterias and Metasurfaces
Another important application for nanoplasmonics is the class of metamaterials. These are a wide
body of materials and devices, which include cloaking devices [22], [58], [59], flat lenses [60]–[62],
perfect lenses [63], beam shaping surfaces [64], [65], and optical materials to perform mathematical
operations [66]. The methods employed to bring about these impressive results often involve the
homogenisation of small “meta-atoms” to create crystal like structures which display emergent
properties. A further definition is to focus on “meta”, and say that metamaterials must be above
natural materials in that they do something which nature does not. In this thesis, we take a
metamaterial to be any material which displays an emergent macroscopic property from a collection
of microscopic features [67].
True three dimensional metamaterials are difficult to fabricate. It has been shown to be possible
to realise much of the functionalities of metamaterials in a single layer, known as a metasurface
[68]–[73]. The work shown in this thesis are examples of metasurfaces, in the relaxed definition given
above, in that the nanoplasmonic function given to each membrane is a result of the collective effort
of all the nanoplasmonic elements. The devices shown here also exemplify a platform upon which
to build more complex functions, and effective index materials.
Bringing the metasurface paradigm together with flexibility has benefits, such as broadband
absorbing surfaces could be wrapped around experimental apparatus where reflections are not
desired, possibly improving laser lab safety or eliminating stray light during sensitive spectroscopy.
Anti-reflection coatings could be easily mounted onto windows, or flat refractive surfaces could alter
the direction of light for use in atriums and light wells, which are increasingly being used as tall
buildings are closer together and space becomes more valuable in cities. Flexibility would enable the
architectural integration of metasurfaces very easily.
4
1.6. Structure of the Thesis
1.6 Structure of the Thesis
The thesis begins with an overview of plasmonics, including why metals support particular reson-
ances which are useful for processing light. The fabrication procedure, characterisation facilities,
and simulation techniques used are discussed in the next two chapters. These methods, particularly
the fabrication, underpin the applications which follow. The subsequent two chapters detail the
applications for which the flexible nanoplasmonic membranes were created, namely lab-on-fibre
(LoF) technologies and SERS. In each of these chapters, the technology is introduced, and the benefits
and results from using nanoplasmonic membranes in these areas is shown. The final chapters suggest
some further applications, before concluding the thesis.
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Chapter 2
Nanoplasmonics: Theory and Background
This chapter gives a brief overview of the concepts encountered in this thesis. First, the optical
response of metals is considered, before discussing the particular optical resonances which metallic
structures can support.
Plasmonics is the study of plasma oscillations in different situations. In the case of photonics,
metals behave similarly in many respects to a standard gaseous plasma, in that they consist of an
electrically neutral material with highly mobile negatively charged electrons, dissociated from less
mobile positively charged nuclei. This unique property of metals, along with the ability to fabricate
extremely small structures, has led to the field of nanoplasmonics, using sub-wavelength structures
to manipulate light with extremely high precision.
2.1 The Optical Response of Metals
Gold is used as an example throughout this chapter, because it exhibits low losses compared to other
similar materials, and also possess other properties like malleability and bio-compatibility which
make it popular to use. For these reasons, it is the metal used in the rest of this thesis. Silver is
another popular choice, which has lower loss than gold but is more chemically reactive, oxidising in
air, and so is not the main metal used in this thesis.
The key material parameter of interest for plasmonics is the relative electric permittivity of the
metal, e. This corresponds to the factor by which the electric field inside a material is changed
compared to an applied external electric field. Insulating materials, also called dielectrics, such as
plastics, typically have a value of e greater than one, so the field inside an object is reduced. This
effect arises from the fact that within an insulator there are many charges which are tightly bound
to each other. When an external field is applied, these charges can move only a small distance to
reduce their energy, creating a polarisation density which partially screens the electric field within.
Metals, however, have mobile electrons which are delocalised with respect to the nuclei within
the material. These electrons respond to an applied electric field very differently. The basic model
to determine the permittivity of metals is the free electron model. This is a classical model, which
assumes that the electrons are point-like particles which experience forces only from the electric field,
and a damping term. The damping term incorporates any interactions electrons have between each
other, and with the nuclei. This model reveals the important features of plasmonics which will be
relevant to the subsequent chapters.
The analogue material property to e for the magnetic field is called the relative magnetic
permeability, µ. This causes a very large effect for magnetisable materials, such as iron, but is
generally weak in most materials including gold. Although magnetisation can be induced by
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structuring non-magnetic metals in certain ways, this is not considered here. Only the permittivity is
considered, and the permeability is assumed to be unity throughout.
To calculate the permittivity of metals, first the polarisation density of a material has to be defined
in terms of displaced charge, and then the movement of electrons in a metal under the influence of
light is determined. As light is an electromagnetic (EM) wave, the optical response of metals can be
treated as a response to a time varying electric field. A harmonic time dependence of the electric
field is assumed, E(t) = E0e−iωt.
The displacement field is the equivalent of the electric field, but includes the effects of bound
charges inside materials, the polarisation density, P, mentioned above. It is defined thus:
D = e0E + P = e0eE (2.1)
where e0 is the permittivity of free space. The second equality holds for isotropic materials where
the polarisation density is a linear function of electric field. This approximation can be used for
gold because non-linear effects are small enough to be ignored at reasonable light intensities. Where
charges are displaced from an otherwise electrically neutral background they can contribute a
polarisation density
P = nqx
where n is the number density of the charges, q is their charge, and x is the displacement of the
charge from their polarisation neutral position.
This equation of motion for the free electron model is simply Newton’s second law with the
Lorentz force due to an applied electric field. A damping term is included which is proportional to
the electron’s speed, with constant of proportionality, γ.
mx¨ + mγx˙ = −eE
Here m and e are the mass and magnitude of charge of the electron respectively. For gold, the value
for γ which is found to the fit the resulting equation is 1.05× 1014 rad s−1 [74].
Solving this equation of motion for a harmonic incoming electric field, and substituting the
resulting equation for x into the first two equations leads to the following expression for the
permittivity
e(ω) = 1− ne
2
e0m(ω2 + iγω)
(2.2)
Under the assumption than γ = 0, this equations shows that for certain frequencies, below ωp =√
ne2
e0m
, the permittivity of the material is negative. This frequency is termed the plasma frequency,
which for gold is 1.36× 1016 rad s−1 [74], [75], and corresponds to a free space wavelength of 137.3 nm.
It can be seen that gold has a negative permittivity for the whole visible spectrum, and into the
ultra-violet (UV). One final correction to equation 2.2 comes from the upper bound not being found
to be 1. In fact, it is found that in many materials the ion cores of the constituent atoms do play
a role, and this has the effect of raising the upper limit. For gold, this leads to the upper bound
e∞ = 9.5 [74]. This leads to a final equation for the permittivity of:
e(ω) = e∞ −
ω2p
(ω2 + iγω)
(2.3)
Figure 2.1 shows a comparison between this free electron model, with the parameters quoted for
gold in the text, and the measured values from Johnson and Christy [76]. It can be seen that a good
agreement is found at low frequencies, but from the visible region, marked by the red and blue lines,
the theory fits less well. This is largely due to interband transitions, where gold can absorb light by
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Figure 2.1: The electric permittivity of gold. The solid line represents the calculated values according
to the free electron model, while the circles are measured data from Johnson and Christy [76]. The
red and blue lines show roughly the boundaries of the visible spectrum.
promoting electrons between atomic orbital states. It is this effect which gives gold its yellow lustre.
Although these absorption effects can be included by further terms [77], it is not necessary for the
work here as the Johnson and Christy [76] values are used for the modelling in the rest of the thesis.
The possession of a negative permittivity gives rise to the particular resonances which are of
interest in nanoplasmonics.
2.2 Plasmonic Resonances
Maxwell’s equations are the fundamental equations which explain how the electric and magnetic
fields behave, and thus how light, and EM waves, propagate and interacts with matter. Along with
knowledge of the material properties involved, solutions to these equations dictate the propagation
of light in every situation.
Two different plasmonic resonances can be classified, localised and propagating. Localised modes
can be easily excited on the surface of negative permittivity materials which have dimensions smaller
than the wavelength of incident light. The propagating mode is called a surface plasmon polariton
(SPP) and is the coupling of the incident electric field from light to the electrons in a solid to form
a combined wave at the metal/dielectric interface. Both are considered in turn in the following
sections.
2.2.1 Localised Plasmonic Resonance
The localised plasmonic resonance can be excited when light is incident on a metallic particle, such
that the size of the particle is much smaller than the wavelength of that light. Figure 2.2 shows a
schematic of this, including the response of the electron cloud. In the previous section, the connection
between the freely moving electrons in a metal and the permittivity, e, was explained, and here the
reason behind the resonant enhancement due to the small metallic structures is shown.
When a metallic particle, or feature, is much smaller than the wavelength of incident light, a
quasi-electrostatic approximation can be used. This means that the incident electric field can be
considered to be constant across the whole of the particle. If the electric field is constant across the
particle, then the electrostatic approximation holds for each individual point in time, and the effect
of time evolution is to change smoothly between the states found.
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Figure 2.2: A schematic of a sub-wavelength metallic particle in an electric field, reproduced with
permission from [78].
In the electrostatic approximation, Maxwell’s equations for the electric field reduce to Laplace’s
equation for the electric potential ∇2φ = 0. The electric field is found from this by E = −∇φ. For a
small, spherical, particle with permittivity eparticle this can be calculated analytically. If an electric
field applied in the x-direction, Eapplied = Eoxˆ, with the boundary conditions that φ the normal
component of D are continuous, then the electric field outside the particle is calculated as:
Eout = Eoxˆ− αEo
(
xˆ
r3
− 3x
r5
(xxˆ + yyˆ + zzˆ)
)
(2.4)
where α is the polarisability of the particle (defined below), r is the distance from the centre of the
particle, and the normal Cartesian coordinate system unit vectors are denoted with boldface and
a hat. The electric field consists of a sum of two terms: the first is the applied field itself, and the
second is a dipole-type term due to the electric field induced in the particle.
The polarisability is found from the same equation to be [78]:
α = 4pia3
eparticle − eenvironment
eparticle + 2eenvironment
(2.5)
where a is the particle radius. The induced dipole field is then a maximum for the minimum value
of the denominator, |eparticle + 2eenvironment|. Since air has eenvironment = 1, it is interesting to note
that figure 2.1 shows that for gold, the real part of the permittivity is around −2 for much of the
visible regime and into the UV. Coupled with a relatively small imaginary part, it is this dramatic
enhancement of the field around gold nanostructures which make it the ideal material for the
applications that follow.
The physical explanation of the resonance in equation 2.5 can be seen in figure 2.2. The polar-
isation is due to the bulk displacement of the electron cloud, such that all the electrons are moving
together in phase. The displacement of the cloud also imparts a restoring force because of the
Coulomb force from the positively charged nuclei left behind. Only when the optical driving force
and Coulombic restoring force work together will resonance occur.
Although equation 2.4 only holds for spherical particles, the same principles apply to any sub-
wavelength gold particles, but the resonance condition may shift with changing shape. Many studies
have been done on the effect of this, both numerically [79]–[81] and experimentally [82]–[86]. As an
example, figure 2.3a) demonstrates the strong dependence on shape of silver nanoparticles. Using
equilateral triangular prisms, with side 100 nm and 16 nm thick, Kelly et al. simulated the extinction
efficiency using a discrete dipole method [79]. By simulating the same structure with triangles
subtracted from the corners, as shown in the figure, they could show that removing only 10 nm from
10
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Figure 2.3: a) The simulated scattering efficiency of silver nanoparticles, demonstrating strong
dependence on shape. Reproduced with permission [79] b) An example of a localised plasmonic
resonance, relevant to the work on SERS later in this thesis, from figure 6.7. In this simulation, the
sample is illuminated by a plane wave from the bottom.
each side resulted in a 200 nm spectral shift of the resonance peak. This is a very large shift, resulting
from a relatively small change in particle shape.
The dependence on shape is something that, in this thesis, is particularly employed when
optimising the size of features used for the SERS experiments in chapter 6. Figure 2.3b) shows an
example of this type of localised plasmonic resonance, where the cross section of a gold rod can be
seen on a glass substrate. In this simulation, light, as a plane wave, is incident from the bottom, and
it can be seen that the electric field is enhanced at the gold particle. In this figure it is difficult to
observe the true shape of the electric field because it is sharply peaked at the surface of the gold,
with a cubic fall off.
2.2.2 Surface Plasmon Polariton
In addition to the localised mode in the previous chapter, a propagating mode for plasmonics can
be found. This is a solution to Maxwell’s wave equation of the form E = E0ei(k·r−ωt). The mode is
called a surface plasmon polariton (SPP), because it is a coupling of a photon, termed a polariton in
this instance, and the electron plasma in metals, a plasmon, at a metal/dielectric interface. For a
wave travelling in the x-direction, on the surface of a boundary at z = 0, as in figure 2.4a), the mode
is found to be a surface wave, so called because it is a travelling wave, oscillating in the x-direction,
while in in the z-direction it decays away exponentially from the surface. The surface charge is also
shown in this figure, demonstrating the plasmonic character of the wave. To illustrate the use of
SPPs in this thesis, figure 2.4b) shows an example from figure 5.7, where an SPP is excited on the
interface between gold and a the primary polymer used in this thesis, SU-8. Although the gold layer
in this case has periodic nanogaps, the field profile is very similar.
The full mathematical derivation of this mode can be found in many textbook, e.g. [87], but
is found by considering Maxwell’s wave equation with the trial solution E = E0ei(kx x+kzz−ωt). For
TM waves, that is waves with a sole magnetic component perpendicular to both the direction of
motion and the normal to the material interface, the standard boundary conditions are that Hy is
continuous, and eEz is continuous. This latter boundary condition encodes the material properties of
the interface, i.e. that one side is a dielectric and the other side is a metal. Further, the wavevector
components are related k2x + k2z = e(
ω
c )
2. This leads to the dispersion relation for the wavevector
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Figure 2.4: a) The electric field lines, and charge distribution in an SPP travelling in the x-direction,
reproduced with permission [78]. b) An example of an SPP from figure 5.7 later in the thesis. Here
the SPP is on the interface between a periodic gold structure (the small rectangles), and SU-8, the
middle layer. The top and bottom layers are air.
components:
kx =
ω
c
√
edielectricemetal
edielectric + emetal
(2.6a)
kz =

−
√(ω
c
)2 e2dielectric
edielectric + emetal
for z > 0 in dielectric
√(ω
c
)2 e2metal
edielectric + emetal
for z < 0 in metal
(2.6b)
Here, the kx component is the propagation constant of the wave. It can be seen that the kz component
will be imaginary where emetal < 0, and |emetal | > |edielectric|. When kz is imaginary, the electric and
magnetic fields will decay in the z direction, as is required of a surface wave. Since emetal is a function
of frequency, these inequalities define the frequency range in which SPPs can exist.
An example of the dispersion relation defined in equation 2.6a, the relationship between the
propagation constant, kx, and angular frequency, or equivalently momentum and energy, is shown
in figure 2.5. This example is for propagation of SPPs on the interface between gold and SU-8. SU-8
has a permittivity of roughly 2.5 in the visible region. The straight red line shows the dispersion
relation for free space light travelling through SU-8, while the other curves illustrate the desired
dispersion relation, each using different values for the permittivity of gold.
The solid curve represents what would happen in the case of an ideal lossless gold, taking only
the real part of equation 2.3 for the gold permittivity. This curve has two branches, the bottom of
which, below the light line, is the SPP dispersion curve. This curve which reaches an asymptotic
limit where emetal = −edielectric, which is called the surface plasmon frequency. The top curve is the
bulk plasmon dispersion curve, which starts above the plasma frequency1, which is not a surface
mode as kz is real, and it is not bound as it is above the light line.
It can be seen that for the idealised lossless case, represented by the solid curve, there is a
band gap between the surface plasmon frequency and the plasma frequency, because kx is entirely
imaginary in this region. If losses are included into the model, including both real and imaginary
part of equation 2.3, the dotted line shows that propagation states do exist in this region. The
1Note, the plasma frequency is no longer the same as the ωp used in equation 2.3, because of the inclusion of e∞. The
point at which e(ω) crosses zero, the true plasma frequency, is now ωp/
√
e∞, and it is this frequency which now supports
bulk movement of the electron plasma.
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Figure 2.5: The dispersion curve for SPPs on a gold/SU-8 interface. The solid and dashed curves
show the dispersion for gold described by the free electron theory, the former setting γ = 0, with the
latter using the a more realistic value. The circles use the permittivity for gold measured by Johnson
and Christy [76].
addition of losses also prevent kx from asymptotically approaching the surface plasmon frequency,
and place a limit on the maximum value of kx.
The same figure shows the dispersion curve from equation 2.6a, but using the real values for
gold’s permittivity from Johnson and Christy [76]. The higher losses of real gold compared to the
model in the visible show that the maximum wavevector is again significantly reduced. Importantly
for this thesis, the surface plasmon frequency can be seen to be roughly 530 nm for gold, which puts
a limit on the excitation of the SPP mode on a gold/SU-8 interface.
2.2.3 Coupling to Surface Plasmon Polaritons
SPPs on a metal/dielectric interface have a higher wavevector than light travelling through the
dielectric for every frequency. This can be seen in figure 2.5. This means that free space light cannot
be coupled to the SPPs, as for any energy, there is a momentum mismatch. In order to facilitate
coupling, there are two main techniques which provide momentum matching: prism coupling and
grating coupling.
2.2.3.1 Grating Coupling and the Empty Lattice Approximation
The effect of a grating is to increase the momentum of light by diffraction, to allow coupling. The
momentum of light is boosted in integer multiples of the reciprocal lattice vector of the grating,
G = 2pi/a, where a is the period of the grating. In this way coupling to SPPs, or modes within a
waveguide, can be achieved when the condition is met that kSPP = kin ±mG, where m is an integer,
and kin is the component of the wavevector incident on the grating which is parallel to the grating.
However, an alternative way to view this coupling is using the empty lattice approximation. This
approximation is only valid when the grating itself does not itself affect the bandstructure of the
existing structure. The empty lattice approximation considers a periodic structure as a system with
continuous translational symmetry, but with a periodic perturbation [88]–[90]. The allowed modes of
the continuous structure can be solved first, and the periodicity is then considered afterwards. For
instance, the dispersion curve shown in 2.5 could be used as an input to the model.
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Figure 2.6: The empty lattice approximation: a) The standard dispersion diagram; b) The dispersion
diagram repeated every reciprocal lattice vector, to accord with Bloch’s theorem; c) The reduced FBZ.
Once the dispersion relation had been found the periodicity is considered. Bloch’s theorem
guarantees that if the operator, Oˆ, of a system commutes with the translation operator, Tˆ, then
the eigenfunctions of that operator will generally be of the form v(r) = eik·ru(r) [91]. It is the
eigenvalues of Oˆ that define the dispersion relation, such as SPP dispersion. The main consequence
of Bloch’s theorem is that the eigenfunctions, and therefore the dispersion curve, are now periodic in
k-space, as adding integer multiples of G = 2pia , will result in the same mode.
This means that our dispersion ω(k) must also obey the same periodicity, were ω(k + nG), where
n is any integer. The reflection symmetry also implies that forward and backward travelling waves
are equivalent, so ω(k) = ω(−k). Figure 2.6 shows the effect this has to the bandstructure: a) shows
the unperturbed band calculated independently; b) shows the effect of repeating this, so that it is
periodic with the reciprocal lattice vector; c) shows what is called the “reduced first Brillouin zone
(FBZ)”, which contains all the information that is required to characterise the complete bandstructure,
as all other modes can be extrapolated by reflections and translations. The effect, visually, looks like
the bands are “folded back” at the FBZ edges.
This scheme also shows how light can couple to such a structure. Incoming light which is
perpendicular to the plane of the structure will have no k component in the x-direction, i.e. kx = 0.
In an aperiodic system this would not result in any coupling, but as figure 2.6c) shows, there is
now an intersection of the dispersion curve with the kx = 0 axis, at a certain value of ω. Therefore,
introducing periodicity has enabled coupling to a mode which would otherwise be impossible to
excite. This approach is used in considering the filters in chapter 5.
2.2.3.2 Prism Coupling
Another way to facilitate excitation of SPPs is prism coupling. This relies on the fact that the
propagation constant of light is larger in a material with higher refractive index, according to the
relation ω = ck/n. In order to tune the coupling, the propagation constant kx can be selected by
changing the angle of incidence, kx = ksin(θ).
The coupling is achieved due to total internal reflection (TIR) at the interface between a high and
low refractive index material. The two arrangements of metal film used are called the Kretschmann
and Otto configurations, and are shown in figure 2.7a). Both have the metal film within the evanescent
decay length of the TIR, but the Kretschmann configuration has the metal deposited directly on to
the prism, while the Otto configuration has a gap between metal and prism. In both cases the SPP is
excited on the interface between the metal and the dielectric which is not the prism.
Figure 2.7b) shows graphically how coupling can take place. The dispersion curves for light in
air and in a prism are shown, where the prism has a higher k for all frequencies. This increase in k
leads to a crossing point between the prism light line and the metal/air interface SPP. It should be
noted that this method results in an SPP which can re-radiate back out through the prism, because
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Figure 2.7: Prism coupling to SPPs. a) The Kretschmannn and Otto configurations for SPP excit-
ation. b) The bandstructure of SPPs and lightlines in air and glass showing how coupling occurs.
Reproduced with permission from [87].
the same mechanism which couples light into the SPP mode can also out couple.
Both of these configurations consist simply of mounting a system with a metallic layer onto a
prism. In terms of this thesis, this would only require mounting a nanoplasmonic membrane onto
the prism to enable excitation. In the conclusion to this thesis the possibility of exciting long range
surface plasmon polaritons (LRSPPs) using this method is discussed.
2.3 Electric Field Confinement and Plasmonic Resonance Coupling
Electric field confinement is one of the primary benefits of using nanoplasmonic materials. The
previous sections have detailed how confinement of electric fields happens in localised plasmonic
resonances and SPPs, however by coupling multiple resonances together the electric field confinement
can be even stronger. Electric field confinement has a number of applications, not least in the field
of sensing. Specifically, high sensitivity sensors rely on small changes to a physical property of a
system having a large optical effect, which is easier to achieve if the electric field can be compressed
to a small area [92]. Further, Raman spectroscopy can be dramatically enhanced by increasing the
local electric field. One further goal for plasmonics is the miniaturisation of optical circuitry [93],
which could allow for the direct processing of optical signals without having to be converted to a
electronic circuit.
One of the first manifestations of light confinement beyond the diffraction limit was the observa-
tion of extraordinary transmission [94]. Previously, it was predicted that the transmission of light
would scale with (d/λ)4 [95], but sharp resonances were found where the transmission exceeded
this prediction by orders of magnitude. This anomaly was due to the excitation of SPPs which were
able to confine light small enough to travel through the holes, which were otherwise below the
classical diffraction limit. More than just a curiosity, this effect has been used in sensing [12], perfect
absorption [96], and nanofocusing [97].
However, material losses due to the imaginary part of the permittivity place a limit on the
maximum possible electric field confinement. For localised surface plasmonic resonances, equations
2.4 and 2.5 show that the electric field drop off is fixed, but that the magnitude of the electric field
is set by the polarisability of the sub-wavelength feature. Importantly, losses manifesting in the
imaginary part of emetal set a limit on the maximum amplitude of the resonance. Typically this is
quantified in terms of a quality factor, Q = energy lostenergy stored . For gold, in the quasi-static limit this can
be calculated to peak at about 20, while for silver it is around 70 [98], and within this regime is not
dependent on shape.
For SPPs the confinement of electric field is also limited by losses. The decay length of the electric
field away from the metal/dielectric interface is inversely proportional to the z component of the
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wavevector, δ = 1/|kz|. The smaller this length is, the higher the confinement of electric field to
the material interface. Since kz =
√
k2x − (ω/c)2 links kx and kz, it can be seen that the limit on kx
shown in figure 2.5, set by losses in the metal, also limit the electric field confinement. In the case of
the simulated SPP in figure 2.4b), it can be seen that the decay length into the dielectric is 100s of
nanometers, but into the metal it is typically around 25 nm [99].
Coupling between plasmonic resonances can help to increase the electric field confinement,
without increasing losses. Since plasmonic resonances arise due to a coupling of electric fields and
mobile charges, these resonances can also couple to each other. This has been studied in terms of
chains of nanoparticles, each exhibiting a localised plasmonic resonance which can couple to the next
[100], as well as multiple parallel chains [101]. As equation 2.4 shows, spherical nanoparticles can
be modelled as dipoles, coupled mode theory can incorporate several different interacting dipolar
particles into one system of equations.
Coupled mode theory also allows the classification of hybrid modes that arise from multiple
dipolar resonances [102]. The near-field inverse cubic electric field of a dipole can couple in different
ways, so that the far-field response can vary hugely. These include the “dark modes” arising from
coupling between multiple dipoles, so called because they have no overall dipole moment and so
cannot couple to plane wave free space light. These are under study because they do not loose
energy radiatively, and if excited with novel beam shapes they could be used for more efficient light
confinement [103]. Additionally, localised plasmonic resonances can couple to SPPs [104], and this
coupling can induce a Fano resonance between the two modes [105], which has been proposed as a
highly sensitive refractive index sensor. Fano resonances are a method of creating narrow linewidth
resonances, despite the intrinsically low Q factor of the plasmonic resonance [106], [107]. This works
by allowing a broad low Q resonance to couple and interfere with a high Q resonance, to create an
extremely narrow resonance with the characteristics of both. Arguably, the first description of an
SPP was Wood’s anomalies observed on metal gratings in 1902 [108], and later shown to be a Fano
resonance with SPPs [109].
Aside from Fano resonances, in both the SPP and localised case, electric field confinement can
be increased by placing metallic structures close together, so that the electric field between can
become very strong. Nanoantennas and nanogaps are the two main schemes to achieve this. The
former often consist of bars separated by very small distances, sometimes less than 10 nm [110], [111].
Nanogaps also show very high field confinement [112], and recently a three dimensionally tapered
nanogap design was shown to collect photons into a volume of 1.3× 10−7λ3, significantly beating
the diffraction limit, and claiming a field enhancement of 4× 105 [113].
The field enhancement is a measure of the effect that a nanostructure has on a particular location.
It is the ratio of the amplitude of the electric field squared in the presence of a structure to the
amplitude squared of the incoming wave, and for any structure is typically a function of frequency
i.e.
EF(ω) =
|Estruct(ω)|2
|Ei(ω)|2 (2.7)
The electric field confinement is particularly important for SERS, because the signal is proportional
to the product of two electric field enhancement factors, and so can vary as |E|4.
2.4 Flexible Nanoplasmonic Applications
The applications that arise from nanoplasmonics come naturally from the electric field confinement,
and the way in which coupling occurs to plasmonic resonances. In this thesis two particular applica-
tions are examined: LoF and SERS. These are chosen because they are fields where nanoplasmonics
are already being used, but where the benefits of flexibility can advance their use to new areas.
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LoF requires very compact functional elements which can be fabricated on the facet of an optical
fibre. Nanoplasmonic elements are ideal for this, as they are intrinsically small, and can be made to
have resonances which are very sensitive to their environment. This allows sensing elements to be
directly integrated onto the fibre. The implementation demonstrated in chapter 5 is that of a filter,
but the fabrication method presented here is general enough to encompass the fabrication of general
nanoplasmonic elements. Using a flexible form factor enables good contact between the device and
the fibre facet, even if the facet is non-planar, such as being improperly cleaved or a photonic crystal
fibre (PhCF).
SERS uses the electric field enhancement of nanoplasmonics to greatly enhance the Raman
scattering signal from molecules close to the metal surface. In chapter 6, a SERS substrate is
demonstrated in both a rigid and flexible form factor. The rigid version demonstrates the reliability
and repeatability of the fabrication technique used, and the flexible version shows how this could be
used to create chemical maps of a landscape using SERS.
In the final chapter some more applications are offered. These are ongoing studies which
have only partial results, but illuminate an even broader range of applicability for the flexible
nanoplasmonic platform described in this thesis.
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Chapter 3
Fabrication
This chapter will explain the fabrication procedures used in this thesis, along with detailed informa-
tion about the handling of the membranes. A robust fabrication scheme is an essential prerequisite
for a useful platform for flexible nanoplasmonic devices. A method is presented to reliably fabricate
polymer membranes down to a thickness of less than 300 nm, despite being several tens of millimetres
in length and width. The membranes can support arbitrary gold nanostructures, and are robust
enough to manipulate in a free standing configuration and mount onto other objects.
The provision of arbitrary pattern generation is by electron beam lithography (EBL). Importantly,
the processes used here are standard lithographic processes. No modification of any machines
already optimised for handling silicon photonics was required, but the end product was able to
conform to non-planar geometries. Non-planar plasmonic structures can be realised without the
difficulty of processing non-planar substrates directly. This scheme is generally robust, and although
human error is still a factor, the yield over the course of this work is now approximately 100%.
All the fabrication was carried out in a class 10,000 cleanroom, with wetdecks specified at class
1,000. These numbers specify the maximum number of airborne particles of diameter greater than
0.5 µm permitted per cubic foot. As a reference, standard ambient urban environments contain
tens of millions of such particles. Additionally, the cleanroom was controlled for temperature and
humidity, to ensure spin coating thickness was always consistent.
This chapter will go through each step of the process focusing on the associated materials and
processes, but first an overview is given.
3.1 Overview
The fabrication strategy is an etch-back method, which is a top-down technique. This means that
the device is built up, layer-by-layer via spin coating, and then the parts which are not desired are
selectively removed by a reactive ion etching (RIE) process. Figure 3.1 shows the complete scheme.
A silicon wafer was cleaned by submersion in acetone and propan-2-ol (IPA), each for 2 min in
an ultrasonic bath. Release and membrane layers were spin coated onto the substrate. Both layers
required baking to evaporate the solvent used to keep them in solution, and the membrane layer
required to be polymerised in UV light. Metal was evaporated, and the resist layer was spin coated.
This completes the stack of layers from which the unwanted parts of the system are removed. The
resist layer could be selectively polymerised via EBL, with an arbitrary pattern. The resist layer was
then developed to reveal the pattern, which was transferred into the metal by RIE, with the resist
selectively protecting the metal where it is desired that it remains on the membrane.
The sample was cleaved to remove the sides, so that the release layer was fully exposed at the
edges. The final step was to remove the release layer, by dissolving it in a solvent. This detached the
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Figure 3.1: The complete general fabrication scheme, not to scale. The arrows marked bake indicate
that the previous step requires a post-process bake.
membrane from the substrate. Depending on how thin the membrane was, it could either be lifted
out of the solvent, or transferred onto the surface of a water bath where it could be hydrophobically
suspended. From there the membrane could be mounted onto another host object, or into a frame.
3.2 Materials
In this section the materials used for the fabrication procedures are described. Material selection was
important, as they put fundamental limits on the final device. The major restriction on the choice of
the materials was chemical orthogonality. This means that any material used has to withstand all
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the subsequent steps, and retain its function both physically and chemically, where relevant. For
instance, if the lithographic step requires chemical development, a solvent must be chosen which
does not dissolve any of the previous layers. Or, if a resist is used which requires baking then all
materials deposited before must be able to withstand the heat without degradation. This requirement
dramatically reduces the variety of materials which can be used.
3.2.1 Initial Substrate
The initial substrate is a host to all the subsequent fabrication processes, although as figure 3.1 shows,
the final fabrication step was to detach the membrane from it. Although it does not form part of the
final device it is still crucial that it will reliably support the intermediate steps.
Silicon wafer was used for three main reasons. Firstly, wide availability of chemically identical
and physically flat surfaces meant that the processing was highly repeatable and precise. The flatness
of each layer affects the subsequently deposited layers, so beginning with a high quality surface
was crucial. Secondly, use of a crystal grown with the 〈100〉 crystal plane orientation enabled easy
cleaving. This penultimate step relied on having orthogonal crystal planes, which left a rectangularly
shaped membrane. Thirdly, silicon is extremely inert, and so did not chemically react with any of
the subsequent processes.
3.2.2 Release and Membrane Layers
The release and membrane layers were the first two layers to be put down in the structure. The
release layer is a sacrificial layer which must be able to be dissolved at the end, allowing all the
structures above it to be detached from the initial substrate. The dissolution of the release layer
must not harm the rest of the device. This requirement makes chemical orthogonality particularly
important. The release layer also must be a material which allows the membrane layer to wet its
surface such that spin coating can take place.
The membrane layer is the supporting layer which will carried the plasmonic structure upon it. It
had to be capable of holding its own weight in a free standing form, while maintaining flexibility, as
well as promoting good adhesion to the metal layer. The requirement for flexibility for very thin
membranes is easily satisfied, even with materials which are stiff and brittle in bulk. Flexural rigidity
(D) is the key quantity to determine the “bendiness” of membranes. This quantity is defined as
the force couple required to bend a material to have unit curvature. Mathematically this can be
expressed below [114], [115]:
D =
Eh3
12(1− ν2) (3.1)
where E is Young’s modulus, ν is Poisson’s ratio, and h is the thickness of the membrane. E and ν
are intrinsic material properties, so for any given material the thickness of the membrane is the sole
property which determines the flexural rigidity.
This relation between rigidity and thickness going as a third power shows that the fabrication
of a thin enough membrane will guarantee flexibility, as long as it can withstand the internal
forces generated in bending. For instance, poly(methyl methacrylate) (PMMA) is a brittle material
used as a plastic replacement for glass windows under the brand name Perspex. When PMMA
is fabricated as a membrane of a few microns thick, it becomes extremely compliant. Although
PMMA has many of the properties required for a membrane layer, including excellent optical
transparency, it was incompatible with EBL, as focused electrons break the polymer chains in PMMA,
weakening the membrane. The other material commonly used to fabricated flexible structures is
polydimethylsiloxane (PDMS). This material was considered, especially as it is chemically stable
and therefore orthogonal to most other materials, but was found to be difficult to spin coat to the
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required thickness whilst maintaining flatness. Thick membranes of PDMS, although elastic are not
very conformable, and have a large bending radius. Further, gold has a very low adhesion onto it,
which makes fabricating gold features more difficult, and despite chemical stability solvents can
swell the material [116].
All of the above considerations led to the use of two chemicals bought from Microchem: Omnicoat
and SU-8. These were developed together, by IBM, originally for use in photolithography, and have
found many uses in micro-electromechanical systems.
Omnicoat was developed to be an underlayer for SU-8, both as an adhesion promoter and to
enable the removal of patterned SU-8 after fabrication. Chemical removal of SU-8 is very difficult, so
instead of dissolving the SU-8, it can be removed by taking away the layer from underneath it. The
coating is designed to be very thin, flat, and for SU-8 to wet the surface extremely well.
Omnicoat withstands all the subsequent processing, but can still be dissolved in the developers
N-Methyl-2-pyrrolidone (NMP), or Microchem MF-319. SU-8 has been used with a polystyrene
release layer for use in microelectromechanical systems [115], however, the membranes reported are at
least an order of magnitude thicker than required for this work and polystyrene has the disadvantage
of being soluble in the lithographic developers used. This would result in the membrane releasing
from the silicon wafer before the final step.
SU-8 is an epoxy-based resin. Its name derives from the presence of eight epoxy groups on each
molecule, which give the monomer the ability to polymerise into a very chemically stable compound.
Polymerisation can be achieved with both UV light, and EBL, making it an ideal membrane layer
as well as a lithographic resist. It is a negative tone resist, which means that the exposed area is
polymerised and retained after development. This feature is important for the membrane layer,
because a positive tone resist could be accidentally removed by the lithographic step which could
expose the lower layers of the device.
SU-8 is available in a number of different viscosities, and can be further diluted with cyclopentan-
one. Reliable spin coating on silicon, Omnicoat, or gold can be achieved from thicknesses of less
than 100 nm to beyond 50 µm. SU-8 is also highly bio-compatible [117], and optically transparent.
The SU-8 used was the 2000 series, which uses cyclopentanone as a solvent. The specific blends
used were SU-8 2000.5 and SU-8 2050, the latter being much thicker than the former. For reference, in
relation to equation 3.1, SU-8 has a Poisson’s ration of 0.22 [118] and a Young’s modulus of 2.9 GPa
to 3.5 GPa, depending on baking temperature and time [119].
3.2.3 Metal
Gold was used because it is an inert noble metal, and is also bio-compatible [120]. It is the patterning
of the gold layer which gives rise to the nanoplasmonic response of the membrane. The optical
properties of gold relevant to nanoplasmonic applications have been discussed in chapter 2.
The adhesion of gold onto the SU-8 was found to be satisfactory for all the experiments undertook.
Care had to be taken not to directly scratch the gold patterned area with tweezers, but the patterned
area could be brought into contact with other objects without harm. It is possible to increase gold/SU-
8 adhesion by up to 75% with an additional layer, such as spin coated Omnicoat, evaporated titanium
or the SU-8 can be soaked in 4-aminothiolphenol [121], but this was not necessary for the experiments
here.
3.3 Deposition Processes
Before material deposition, the silicon wafer substrate was cleaved to size and cleaned by placing it
in a beaker of acetone for 2 min in an ultrasonic bath. The same process was then repeated with IPA,
before blow drying the wafer with a nitrogen gun.
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Membrane parameters
Solution Spin Speed Thickness
Omnicoat 1000 rpm 20 nm
SU-8 2000.5:SU-8 2050 1:1 5000 rpm 4 µm
SU-8 2000.5:SU-8 2050 3:1 5000 rpm 1 µm
SU-8 2000.5:Cyclopentanone 1:2 1000 rpm 250 nm
Table 3.1: The different parameters used to make membranes. To make the membrane permanent,
these are followed by a 5 min bake at 100 ◦C, a 2 min flood exposure of UV light, and a post exposure
bake of 2 min at 100 ◦C.
3.3.1 Spin Coating
The release and membrane layers were deposited by spin coating. This method was used to ensure
a precise and repeatable thickness. After each spin, a baking step was required to remove the
solvent from the polymer. Each spin was ramped from 0 rpm to the required speed with an angular
acceleration of 50 rpm s−1, held at the specified speed for 1 min, before being decelerated at the same
rate as the acceleration.
First, Omnicoat was spun at 1000 rpm, before being baked at 230 ◦C for 1 min. This speed was
chosen because it was the lowest speed which resulted in a consistent thickness, which ensured it
was thick enough to be removed chemically at the end. The thickness of this layer was around 20 nm.
Second, SU-8 was spun at different dilutions and speeds depending on the thickness required. Table
3.1 gives the thicknesses of the membranes typically produced during this work. The SU-8 was then
baked at 100 ◦C for 5 min. For SU-8 layers of greater than 1 µm the temperature of the bake needed
to be ramped in order to avoid cracking, so the sample started at 60 ◦C, and reached 100 ◦C after
1 min.
The membrane was then polymerised so that it would maintain its structural integrity when
released from the substrate. The homopolymerisation of SU-8 is performed in two steps, the release
of an acid within the material due to exposure by UV light or EBL. The process is completed by a
post-exposure bake, which thermally assists the acid-catalysed polymerisation of the membrane. At
this stage UV light is used, as the membrane covers a large area and EBL is slow. A mask aligner
was used to flood expose the sample for 2 min, before a post exposure bake at 100 ◦C for 2 min. If
required, the shape of the membrane can be set at this stage by selectively exposing the SU-8 with a
mask, and developing. However, this does result in a non-planar layer on which the next steps are
built, so the cleaving process described later in this chapter was preferred.
The thickness of the layers were determined using a surface profilometer, a Dektak from Veeco.
This operates by arranging a stylus to maintain a constant force onto the surface of a device on a
stage which is then moved under the stylus tip to trace a profile. The height of a layer could be
determined after spin coating by using plastic tweezers to remove a section of the layer by scratching.
Using plastic tweezers prevented the hard silicon layer from also being disrupted. A profile of the
scratched area contained a step from the membrane down to the substrate, and this distance is the
layer thickness.
3.3.2 Metal Evaporation
Evaporation was performed in an Edwards AUTO 306 Electron Beam evaporator. This uses magnets
to focus the emission of electrons from a high voltage wire assembly onto a crucible containing the
gold. A beam current of around 80 µA was required to achieve an evaporation rate of 0.05 nm s−1.
A quartz crystal detector monitors the thickness change, by inferring this from its own electrical
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Resist
Process SU-8 2000.5:Cyclopentanone 1:2 ZEP (undiluted)
1 Spin Speed 5000 rpm 5000 rpm
2 Bake 5 min at 100 ◦C 3 min at 150 ◦C
3 Electron beam patterning
4 Post-exposure bake 2 min at 100 ◦C none
5 Develop 45 s in EC 45 s in xylene at 23.5 ◦C
6 RIE
Table 3.2: Resists and the EBL process.
resonant frequency shift due to the added mass of evaporated gold. Evaporation was performed
at low pressure, less than 9× 10−6 Pa before evaporation, and typically no more than 2× 10−5 Pa
during the evaporation itself. A 40 nm layer was used for all the applications in this work. This
thickness was enough to realise the desired nanoplasmonic functions, but thin enough that the
etching could be performed without difficulty.
3.4 Electron Beam Lithography
Electron beam lithography is a direct writing technology which uses a focused beam of electrons to
write a pattern into a resist layer, on top of the target material. Once this resist layer is developed, it
will selectively protect the layers beneath from the accelerated plasma in the etching process. This is
an etch-back process, because the patterned layer, in this case the gold, is deposited and selectively
removed rather than being selectively deposited, as in, for example, lift-off. Etch-back was chosen
because of the difficulty of electron beam writing directly on an insulating polymer membrane layer,
which would charge up preventing high resolution electron beam focusing. Instead, the gold layer
deposited before the resist layer provides a conducting pathway for most of the charge to escape.
However, the thin gold layer was not sufficient to completely remove excess charge from the lower
layers, which led to a limit on the resolution of the technique, which depended on the resist and the
exact pattern being written.
3.4.1 Lithographic Resists
Table 3.2 shows the processes involved in EBL, for both of the resists used. The two resists were a
diluted SU-8 mixture and ZEP 520-A from Zeon Corporation.
The SU-8 2000 series already uses cyclopentanone as the solvent for the resist, so this was used to
further dilute and reduce the thickness of the resist when spin coating. Using a 1:2 ratio of SU-8
2000.5 to cyclopentanone with a spin speed of 5000 rpm, the resist was approximately 90 nm thick.
In general a thin resist leads to higher resolution patterns in the pattern writing step, as there is
less distance through which the electrons to spread, however the resist must still be thick enough
to withstand the etching step. Subsequently the sample was baked for 5 min at 100 ◦C to evaporate
the remaining solvent. After this the pattern was written, as detailed in the next subsection. After
the patterning step, the SU-8 was then baked to thermally activate the acid-assisted polymerisation
process within the material. This additional heat had the effect of ensuring that the exposed areas
are completely polymerised, while leaving the unexposed areas completely unpolymerised. The
sample was then developed in Microposit EC solvent for 45 s. The reaction was then stopped with a
wash in IPA, and the sample was dried with a nitrogen gun. The development process washes away
the unexposed areas of SU-8, leaving only the pattern desired, because SU-8 is a negative tone resist.
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Line Area
Basic SU-8 dose 12 µA s cm−1 10 µA s cm−2
Basic ZEP dose 400 µA s cm−1 60 µA s cm−2
Settling time 10 ms 3 ms
Gun voltage 30 kV
Working distance 7.5 mm
Aperture size 7.5 µm
Write field size 50 µm × 50 µm
Basic step size 1 nm
Table 3.3: Typical EBL parameters.
The other resist used was ZEP 520-A, from Zeon Corporation. This is a commonly used EBL
resist which is positive tone, meaning that any exposed area will be lost after development, and
the pattern written will be removed from the gold underneath. This provides a method to fabricate
complementary structures to SU-8. Additionally, by leaving an intact gold layer across the whole
membrane, except where patterned, the complete structure gains additional rigidity. Although this
is undesirable for thicker membranes, the continuous gold layer allowed the membrane layer to
be thinner, whilst avoiding becoming too fragile to manipulate. ZEP is less etch resistant to argon
than SU-8, so a thicker layer was required, which led to undiluted ZEP being spun. It did not
require a post-exposure bake, because the polymerisation process is very different. ZEP is already
polymerised, and is baked above its glass transition temperature, but the electron beam exposure
breaks up the long-chain molecules to allow the patterned areas to be dissolved. Development was
highly sensitive to temperature, so xylene, the developer, was warmed on a hot-plate while being
stirred by an electronic thermometer to reach a temperature of 23.5 ◦C. The sample was then left in
the xylene for 45 s, before a wash in IPA, and finally blown dry with a nitrogen gun.
3.4.2 Electron beam patterning
The pattern was written with a Leo Gemini 1530 scanning electron microscope (SEM), converted with
a RAITH ELPHY Plus pattern generator. An electron beam is produced by an electron source which
is accelerated and focused by a number of EM lenses. The pattern is written by electrostatically
deflecting the beam onto the desired location on the sample, as well as physically moving the sample
on a stage. The energy of the electrons is deposited to chemically alter the resist before development.
A summary of the typical lithographic parameters used for the patterning process are given
in table 3.3. These parameters were chosen to deliver the maximum possible resolution. Some
parameters were limited by the particular equipment used, while others depended on the sample
being exposed. The former category included the working distance, the aperture size, the write field
size, and the basic step size. The working distance and aperture size were the smallest which the
machine could support, which led to the smallest electron spot size on the sample, minimising the
effect of aberrations. The write field is the area which the beam can pattern only by EM deflection of
the electron beam. Where a pattern is bigger than one write field, the stage has to move in order to
write the next part. Using the smallest available write field was advantageous because the beam is
deflected through the smallest angle, and so the whole resolution of the digital to analogue converter
can be used, giving a basic step size of 1 nm. The disadvantage of using a small write field is that
stage movement occurs more often, which is less accurate than beam deflection and can lead to
stitching errors. The kind of structures in this thesis are quite tolerant to small offsets every 50 µm,
so this is not a critical consideration, although the write field alignment was calibrated before every
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Figure 3.2: The effects of electron scattering a) A Monte Carlo simulation of 100 electrons accelerated
at a resist on a silicon substrate, showing the scattering of electrons. Reproduced, with permission,
from ref. [125]. b) and c) The effect of scattering can be to fill in the gaps between structures.
pattern was written.
While the above parameters were chosen to enable the smallest possible spot onto the surface
of the sample, spot size is rarely the ultimate limit of the resolution of EBL. The resolution of the
technique is limited by the interaction of the accelerated electrons with the resist, and the subsequent
chemistry of the development process [122], [123]. This can be demonstrated by figure 3.2a), which
shows a Monte Carlo simulation of 100 electrons from an ideal point source beam, incident on a
PMMA resist on a silicon substrate. The paths of the electrons are not straight down into the sample,
but spread out by scattering processes. Some electrons are back-scattered by very large angles, some
electrons are deflected due to charge built up in the device which is not conducted away, and some
secondary electrons already in the resist material are given energy by Coulomb interactions with the
incident electrons. These effects all conspire to broaden the features which can be written.
Using the thinnest possible resist increases the resolution of the technique because it reduces
the effect of the forward scattering and secondary electrons, but back scattered electrons from the
substrate still contribute to a proximity effect. This effect depends on the materials used, for instance
quartz was found to have back-scattering was so large that it washed out the patterns written
completely. This eliminated it as a substrate for some experiments where its low fluorescence would
have been useful. The charging inherent in having a polymer layer underneath the gold and resist
provided the major limitation for the maximum ratio of patterned line to space between, the duty
cycle, of the written structures. Figures 3.2b) and c) demonstrate this effect, and are shown after the
development and etching process. Both show gold fishnet structures with a periodicity of 250 nm
on an SU-8 layer, from the same sample. While b) has a wire width of 80 nm with straight wires
and no gold in the gap, c) has only a slightly wider wire width of 100 nm, yet the wire smoothness
is significantly reduced and gold is beginning to remain in the gaps, partially protected by resist
which has been affected by unwanted back-scattered electrons. The standard technique to correct for
these errors is proximity error correction, which is a technique which varies the dose and written
pattern across the sample to counter these effects and give the correct pattern after development and
etching. However this type of structure with very large fill ratios is beyond the limits of proximity
error correction [124].
Therefore, it can be seen that the number of electrons used to expose the resist in any given area
is a crucial parameter in fabricating the correct structures. This parameter is called the dose, D, is
defined by the equation
D =
IT
A
26
3.5. Reactive Ion Etching
where I is the beam current, T is the dwell time, and A is the area, or in the case of line dose,
the length. The beam writer automatically takes the desired pattern, breaks it up into pixels and
calculates the required dwell time to expose the structure with the correct dose. With the 7.5 mm
aperture at 30 kV, the typical beam current was 0.013 nA.
The dose can be used to fine tune the size of the structures written. As demonstrated in chapter 2,
the precise size and shape of the nanoplasmonic features determine the properties of the resonance.
If the dose is too low, then insufficient energy is deposited into the resist and no pattern is written,
however too much dose leads to the problems shown in figure 3.2, even if the periodicity is larger.
Between these two extremes the wire width can be fine tuned by altering the dose, because of the
scattering effects described previously. When writing a pattern in the EBL system both the designed
width of the wires in the pattern, and the dose effect have to be taken into account.
Practically, in order to produce the highest quality samples, aperture alignment and stigmation
correction of the beam were performed before every write. This was done by focusing on an
inhomogeneous area on the sample’s surface near the edge, often a deliberately introduced scratch,
and then writing contamination spots to directly observe the focused beam’s shape and quality. A
contamination spot is formed by the small amounts of impurities in the sample chamber, which
collect onto the sample if it is charged by prolonged exposure by the beam in a single location.
As can be seen from table 3.3, the final parameter to be selected was the settling time, for areas
and lines. The time selected for these parameters was high compared to other comparable writes,
but was chosen to reduce the effect of the extremely fast beam speed. The beam speed is the speed at
which the patterning spot has to move across the surface of the sample in order to deliver the correct
dose. To deliver the required dose for SU-8, the beam speed was typically around 7 mm s−1 for area
writes, and 11.5 mm s−1 for single pixel lines. The settling time defines a period before every line or
area feature is written, to ensure the beam steering coils are stable. Particularly for lines, the settling
time had to be increased to 10 ms to avoid ringing in the scan coils which manifests as wobbly lines,
instead of being straight. The settling time is often one of the largest time components of any write.
In this thesis, it is this time when the electron beam gun is inactive, which limits the throughput of
the whole fabrication process, and forms the bottleneck.
3.5 Reactive Ion Etching
The reactive ion etching step transfers the pattern written onto the resist into the gold. It does this
by bombarding the sample with ionised atoms. These nuclei, accelerated at the sample, can then
react chemically with the sample, or the kinetic energy can physically remove some of the material.
The patterned resist thickness is chosen to be able to withstand this etching more than the material
below, so that the pattern is transferred.
For 40 nm thick gold, the chemical part of the etch, which is usually used to ensure parallel side
walls, can be ignored. Argon was the gas chosen, because it has heavy nuclei able to physically
mill the surface. Figure 3.3a) shows a schematic cutaway of the chamber, with the argon plasma
represented in green. Figure 3.3b) demonstrates the electrical control of the etching. Once the radio
frequency (RF) field set up between the top and bottom plates ionises the gas, the electrons are free
to move, while the heavier nuclei are relatively stationary. Those that hit the top plate or walls are
conducted to ground, while the bottom plate with the sample is electrically insulated. When the
ionised electrons hit the sample and the bottom surface they become charged with excess electrons.
This charge separation is measured as a direct current (DC)-bias, with the voltmeter marked on
figure 3.3b). It is this potential difference which accelerates the nuclei towards the sample, allowing
them to physically etch the sample.
The whole chamber is evacuated to 3× 10−6 Pa before etching can begin. This is in order to
eliminate any impurities which might contaminate the sample during the etch. Argon gas is then
27
3. Fabrication
RF
gas
DC
bias
a) b)
V
Figure 3.3: a) A sketch of the RIE machine, with the chamber cut away and the plasma shown in
green. b) A schematic of the sample stage and gas injection inside the RIE, with electrical connections
shown.
allowed to flow into a ring above the sample, at a rate of 500 cm3 min−1, and a butterfly/gate valve
is used to partially isolate the chamber from the turbo-molecular pump, maintaining a constant
pressure of 5× 10−2 Pa at the sample. The argon gas is then ionised by a RF generator, operating
at 13.56 MHz. For this kind of physical etch, the DC bias is the most important parameter, as it
dictates the kinetic energy the nuclei have to mill the sample. The target DC bias was −330 V, which
was achieved with the above parameters and an RF power of 19 W. The etching was performed for
around 10 min. The RF power and etch time did vary slightly throughout the period of this work,
mainly due to changes in the water cooling mechanism of the bottom plate. In some cases the resist
is not completely removed, as is shown in figure 3.4a). In this case ZEP was used as the resist, and
although the gold squares are separated by a completely etched gap, some resist has remained. To
prevent this, the resist can be deposited as a thinner layer, a longer etching time can be used, or the
resist must be removed after etching. To chemically remove ZEP, it can be flood exposed with UV
light and then left in trichloroethylene for several hours, however this does not always remove all of
the resist. Alternatively, an additional ashing step must be added to the end of the etching process,
which adds an oxygen plasma with a small amount of CH4. This is a chemical etch which provides
many free radicals to remove the resist, however care must be taken not to damage the membrane
simultaneously.
3.6 Membrane Release
The final step was the release of the membrane. Figure 3.4b) shows a patterned membrane still
attached to its silicon substrate. It has been illuminated at an angle which shows diffraction from the
written gratings. Before the chemical removal of the release layer, the edges of the substrate were
cleaved. Figure 3.4c) shows how the removal of the edge of the sample is essential to ensure that the
release layer is not covered by the membrane layer which could obstruct the solvent. The pink layer
is the SU-8 membrane, and the blue layer is the release layer. Cleaving is performed by a Lattice
Gear cleaving system, which provides very precise edges by introducing a defect and propagating a
crack up the crystal boundary.
The membrane was then immersed in a solvent to detach. This is a very important step, because
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Figure 3.4: a) A sample showing left over resist after etching. b) A sample which has been through
the complete fabrication process, up until immediately before membrane release. c) The effect of
cleaving the edge of the substrate, to enable solvent access to the release layer.
if the membrane folds or rolls up, it can be difficult to recover the device. A Petri dish was used to
hold the solvent and the sample during the release process. The solvents used where either NMP
heated to 70 ◦C, or Microposit MF-319 developer at room temperature. The detachment process was
completed in the Petri dish, and took about 1 h to 3 h for NMP, or 30 min to 1 h for MF-319. The time
decrease for MF-319 was compensated by an initially less hydrophobic membrane, so the handling is
made more difficult in the next step. Neither chemicals had any observable effect on the membrane
or gold pattern during this time.
During this procedure it was important to ensure the minimum possible agitation to the solvent,
as this could cause the membrane to fold. Although the solvent was always handled in a wetdeck
for safety reasons, the flow of air through the ventilation system was enough to slightly disturb
the liquid’s surface. This led to the Petri dish being covered throughout, until the removal of the
membrane.
3.7 Handling and Mounting of Thin Membranes
The membranes fabricated using the techniques described here could be anywhere from 200 nm to
more than 4 µm in thickness. Depending on the thickness different handling procedures are required.
Section 3.2.2 showed that the rigidity of a membrane depends on the third power of the thickness,
explaining why even in the range of membranes considered in this thesis different approaches
were required for handling. Figure 3.5a) shows a 4 µm thick membrane with enough rigidity to be
held in the jaws of tweezers. This means the membrane could be removed from the solvent with
tweezers and dried with care in a similar manner to a fragile substrate. When then forces due to
surface tension of the solvent become larger than the force required to fold the membrane then using
tweezers in this way will cause the membrane to crumple.
An alternative method to stiffen the membranes was to hard bake them before the release step.
SU-8 becomes more rigid when baked above about 200 ◦C. In general, the devices reported here
were not hard baked, as it reduced the conformability, but hard baking was used while learning how
to handle the membranes.
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Figure 3.5: a) A 4 µm thick membrane, which is stiff enough to handle with tweezers. Reproduced,
awaiting permission, from [126]. b) A membrane hydrophobically suspended on the surface of a
water bath. c) A 1 µm thick membrane, which must be mounted into a frame. The frame is the clear
acetate square being held, while the membrane is the central section, highlighted by the cut-out.
3.7.1 Hydrophobic Suspension
For membranes with very low rigidity a hydrophobic suspension method was required to handle
the membrane. This method uses surface tension forces to keep the membrane flat on the interface
between water and air. Figure 3.5b) shows a 1 µm thickness membrane being hydrophobically
suspended on the surface of water. Practically, there are two reasons why a hydrophobic suspension
method is required for handling very thin membranes once they have been released from the solvent,
and are floating in the Petri dish. Firstly, because the flexural rigidity is very small, any moisture
on the membrane as it is lifted out of the solvent is likely to make the membrane wrap around the
tweezers used to pick the membrane up. Secondly, the shear strength of the membrane is very low.
While the tensile strength of thin SU-8 membranes remains high enough to pull the membrane along
the surface of water, even when a thin water layer is trapped between the membrane and a substrate
beneath, it is likely to tear while trying to remove the membrane from the surface of any material
while wet because of the surface tension forces at work.
Hydrophobic suspension allows the transfer of the membrane to a frame or another object inten-
ded to host the membrane. This has been shown to be a useful method, even permitting “origami”
of thicker materials [44]. SU-8 is the ideal material for this because it is naturally hydrophobic.
Once the material is free floating in the Petri dish, it can be pulled using tweezers below the
surface of the solvent onto a silicon wafer shard which is larger than the membrane itself. The shard
can be carefully lifted out the solvent, keeping the wet membrane on its flat surface. If the membrane
folds slightly at this stage, it can usually be unfolded when suspended on the surface of the water.
Using a large contact angle between the wafer than the water, the membrane can be lowered into
the water, where upon contact with the water it will stay on the surface while the wafer continues
into the water. A flat membrane on the surface of the water is a stable state, as it minimises the
energy due to surface tension of the system, so often the membrane will unfold itself into the flat
state when it is transferred. Otherwise, using two pairs of tweezers it is possible to manipulate
the membrane using only forces parallel to the surface of the membrane, avoiding inducing shear
forces in the membrane. When MF-319 is used as the solvent the process requires an extra step
because this solvent appears to reduce the hydrophobicity of the SU-8 membrane, possible because it
contains the highly polar alkaline chemical tetramethylammonium hydroxide. The less hydrophobic
membrane does not suspend on the water surface, but instead enters the bulk where it is more
difficult to manipulate. After a short time, a period of a few tens of seconds, the membrane regains
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its hydrophobicity, and can be brought to the surface and processed in the normal way.
3.7.2 Membrane Transfer
Once the membrane is suspended on the water surface, it can be further transferred onto other
objects, or frames. A framed membrane is shown in figure 3.5c). This device was a 1 µm thick SU-8
layer with a large area gold fishnet. The membrane was first mounted onto the white tape shown in
the figure, which retained its stickiness when briefly submerges in water, and this was then stuck to
the acetate frame. Both the tape and acetate could be precisely cut with a plotting cutter, a Graphtec
CE6000-40, which could programmatically remove the unwanted parts of the frame.
The material used to scoop the membrane from the water determined whether the membrane
would become permanently attached to the mount or frame. For some materials, once the water
dried, the membrane would become bound to the surface by van der Waals forces. Glass and acetate
bind permanently to the membrane, while using aluminium foil it was possible to re-release the
membrane by re-immersion in water. SU-8 also does not adhere to polystyrene very strongly, so
re-release was possible onto water, and it was also possible to peel 1 µm, or thicker, membranes from
the polystyrene surface, although only if the membrane is completely flat and dry, and care was
taken not to exert too much shear force with the tweezers. In this manner it was possible to mount
the membranes onto host objects without wetting the host.
3.8 Conclusion
This chapter has shown all the required methods to fabricate flexible membranes, with nanoplasmonic
features on top. The scheme is modular, and although specific materials were used, other materials
could easily be substituted where required. Using an elastomer, such as PDMS, would bring elasticity
to this technique. PDMS is compatible with this technique, and if it can be reliably fabricated thin
enough to maintain conformability then it could become a useful addition.
Using a lithographic technique in combination with the flexible polymer membrane gives this
approach the unique ability to combine precisely defined lithographic nanostructures, with a con-
formable flexible substrate. However, the main limitations also come from the EBL step, particularly
since it is performed on an insulating layer. This prevents using high resolution lift-off, as the gold
layer needs to be deposited first. The maximum thickness of the gold layer is set by the etch resistance
of the resist, however 40 nm was sufficient for the applications shown here. Pattern definition was
the rate limiting step, as each part of the pattern has to be written sequentially. Other lithographic
techniques could be combined with the membrane release mechanism presented here, such as using
nanoimprint lithography, which could enable pattern definition over much larger areas in a quicker
and cheaper manner.
The main limitation on the yield was the membrane release and mounting steps, as these steps
had the highest likelihood of failure. Although, with care, the yield for 1 µm thick membranes is
now approaching 100%, for thinner membranes the yield is lower. These processes are very user
dependent, and so could be improved by automation. The fabricated membranes are remarkably
robust once mounted, and require no more care than standard optical components, like pellicle
beamsplitters.
Contributions
Andrea Di Falco, my supervisor, started this project with 4 µm thick SU-8 membranes. The fabrication
procedure has been under constant development, by me, over the past four years, and I have
developed the capability to reliably release ultrathin (300 nm) membranes. The materials and
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processes used to manipulate these membranes were also found by me, as well as the use of the ZEP
resist for use on the membranes. I am much indebted to Andrea Di Falco and Liam O’Faolain for
help with the lithographic steps.
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Chapter 4
Characterisation and Simulation
In this chapter the characterisation and simulation techniques that were used in this thesis are ex-
amined. Characterisation is critical to assess the quality of the fabrication, as well as the performance
of the devices created. Angularly resolved transmission measurements were the primary tool used
to assess the devices made. Two methods for making this kind of measurement are shown, one of
which has the option to also measure normal incidence reflection. The other major optical instrument
required was the microscope used for the Raman scattering measurements. All the optical set-ups in
this chapter were built for this thesis.
The second half of this chapter describes the simulation techniques used to provide a deeper
understanding of the underlying physics involved, and also give direction for the fabrication. The
transmission of the fabricated membranes was simulated using rigorous coupled wave analysis, and
a finite element method (FEM) package within COMSOL Multiphysics. The other important feature
which was simulated was the bandstructure of the devices. The simulations were adapted from
packages already available.
4.1 Characterisation
This section documents the optical measurement apparatus built for this thesis. Two methods for
acquiring the angularly resolved transmission spectrum of a device are described, and the apparatus
used to collect Raman scattering from surface enhancing substrates is also shown.
4.1.1 Angularly Resolved Transmission Measurement
Electron beam lithography is excellent for prototyping small areas of materials quickly, and this
enables many patterns to be integrated onto one membrane for testing. Each patterned area fabricated
was usually about 50 µm × 50 µm. The measurement of such an area required enough magnification
to observe an area of this size, and spatially filter any unpatterned area also in view. It was also
required that the incident beam was collimated, and that the angle between interrogating light and
the sample could be precisely controlled.
These requirements do not naturally occur at the same time in optical systems. For instance, high
magnification to image the samples requires high numerical aperture (NA) lenses, which provide a
high angular spread. Additionally, high NA systems typically have a very short working distance,
the distance from the end of the objective casing to the sample. Where rotation is required, the
maximum angle which can be probed is limited by the sample hitting the objective casing.
Two methods of measuring the angularly resolved transmission spectra of the samples fabricated
are shown here. The first is a more general approach, as it is also capable of measuring the normal
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Figure 4.1: A symmetric microscope using Köhler illumination, showing a series of rays from the
lamp propagating through the system. Reproduced, with permission, from [128].
incidence reflection of the samples. The first system also has objectives with a working distance
of 20.5 mm, so large samples can be accommodated to high angles. The second method is more
restrictive in terms of the devices which can be measured, and the maximum angle which can be
used, but is quicker and requires less alignment, which can be an advantage.
4.1.1.1 Köhler-based Microscope Arrangement
The design methodology was based on the illumination principles of Köhler [127], and using the
concept of “light pencils” introduced by Hammond [128]. Figure 4.1 shows a complete ray diagram
of a symmetric implementation of this illumination scheme. A symmetric scheme is useful, because
observation of the reflection from the sample can be achieved by placing a beamsplitter in the path
of the light on the illumination side.
Köhler illumination operates on the principle that a sample can be uniformly lit by a light source
which is not itself uniform because the source is completely defocused as it travels through the
sample. Further, the defocused image is incident at a range of angles. In figure 4.1, three points on
the lamp filament are labelled. Location bo emits light in every direction, marked by the rays b’, and
the lamp collector lens focuses these rays to a point on the back focal plane of the condenser lens.
This causes the rays from bo to be collimated as they pass through the object. The same process
occurs for rays from points ao and co, except that these rays pass through the object at different
angles. These rays then proceed through a series of lenses to be imaged on the eye, or a camera.
Two apertures are also present on the illumination side of the sample, firstly the field diaphragm,
which is at a conjugate image plane to the sample and so controls the area on the sample which is
illuminated. Secondly, the aperture diaphragm, which is at the back focal plane of the illuminating
objective lens and so controls the range of angles which pass through the object, which has the visual
effect of changing the contrast of the image seen by the user.
In order to create a system which only illuminates at normal incidence, the aperture diaphragm
could be replaced by a pinhole, so that only the b’ rays reach the object. In reality, this was not
possible because instead of using a condenser lens, an objective was used for which the back focal
plane was inside its casing. Instead, a pinhole was used which was imaged onto the objective’s back
focal plane with an arrangement of two lenses forming a telescope. The field diaphragm was also
omitted, and instead an aperture was used on the light collection and imaging side of the optical
system.
A diagram of the optical set-up built can be seen in figure 4.2. The light starts in the bottom right
of the figure, at the light source, travelling left, before hitting the mirror and travelling upward. The
light source used was a broadband halogen lamp from Ocean Optics, LS-1, but other sources could
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Figure 4.2: The measurement apparatus for measuring transmission and reflection, based on Köhler
illumination. The light is introduced into the set-up from the source at the bottom right, and proceeds
from the mirror up to the sample. Top inset: a photograph of the system used. Bottom inset: the
focal lengths of the lenses used. Diagram drawn with ComponentLibrary [129].
be used. The set-up could also accept collimated sources such as a supercontinuum laser, SuperK
from NKT Photonics. The light from the source was collimated by a source collector lens, and was
polarised. The light is then passed through a 50 µm pinhole, by a Newport compact 16× aspheric
lens. The two following lenses form the telescope to image the pinhole on the back focal plane of the
objective.
As the light continues upwards, reflected from the mirror, the bottom objective acts as the
condenser lens in figure 4.1. In both transmission and reflection beamsplitters permit simultaneous
imaging and measurement of the spectra. In reflection, however, efficient collection of light into the
spectrometer fibre is only possible when the sample reflects back at normal incidence. Two additional
apertures are also provided, one in the transmission imaging arm, and one in the reflection imaging
arm. These enable the field of view to be adjusted, so that if the patterned area of the sample is
smaller than the illuminated area, any unwanted light can be rejected. A screenshot of the program
built to control the set-up is shown in figure 4.3, where the aperture is visible at the edges of the
camera feeds to the right. The apertures are open in this screenshot, which is useful while finding
the correct area on the sample, but can be closed down during measurement.
The objectives used had to be capable of imaging the samples, but also provide enough room
to manipulate the sample in between. The requirement to view a very small area of the sample
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Figure 4.3: A screenshot of the program used to control the spectrometer microscope. The left
window in the LabView virtual instrument, and the two window to the right are feeds from the
cameras. The top is transmission, and the bottom is reflection.
normally means using high NA objectives. However, typically these have very short working
distances, which would prevent rotation of the sample. To avoid this compromise, super-long
working distance objectives were used, which combined an NA of 0.42 with a working distance of
20.5 mm. The objective chosen were Mitutoyo 50× M-plan apo SLWD objectives. The images in
figure 4.3 demonstrate the imaging of 50 µm squares.
The spectrometers used were Ocean Optics USB 2000+. Rotation was controlled by an electronic
rotation stage from Thorlabs, and and a LabView program was written to control the whole process.
The program is shown in figure 4.3, with the LabView virtual instrument on the right. In the control
panel, the top left box sets the file saving parameters, with the two smaller boxes below setting the
spectrometer acquisition settings. The top right box sets the rotation control, and the bottom spectral
graphs are the spectrometer signals (left), and normalised signals (right). The latter of these is a
guide for the user and is not the saved data.
The protocol for measurements involved finding the patterned area on the sample, and setting
the aperture sizes appropriately. These must then be left in place for the rest of the measurement.
The spectra can then be acquired. When angular resolved spectra are required, the user is usually
required to monitor the progress of the measurement to ensure the sample remains in focus and
in the measured field of view. After the measurement, the signals are collected but the relevant
reference spectra are needed. For the transmission reference, the signal is measured with the sample
removed. Where the reflection transmission is required, a protected silver mirror was used in place
of the sample, and the signal reflected from that was used as the reference.
This measurement set-up was built from scratch as a group facility. Although the reflection data
is can collect does not appear in this thesis, it has been required for the characterisation of effective
medium materials which have been fabricated by other group members.
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Figure 4.4: A laser-based angularly resolved transmission measurement apparatus.
4.1.1.2 Free Space Laser Transmission Measurement
Although the first transmission method described here was a flexible way of observing and measuring
the samples, a simpler alternative method is described here, shown in figure 4.4.
This relies on directly illuminating the sample with light from a laser, eliminating the need for
the complications of the additional components required for the Köhler illumination-based system
above. Alignment was therefore significantly easier, and collimated illumination is automatically
guaranteed by the laser manufacturer. The laser used was a NKT Photonics SuperK white light
source, which covered the visible spectrum and the into the mid-infrared (IR), and was polarised at
its output.
The laser is incident from the right in figure 4.4. The sample is illuminated, and the transmitted
light is collected by the objective, which was a New Focus 20× compact aspheric lens. Although
the working distance of this objective was only 5.9 mm, the housing was swept back from the lens
element, as shown in the figure, so that there was still space to rotate the sample, without contacting
the objective. The rotation range for this set-up was restricted to just over 10◦, which was sufficient
in some cases, otherwise the previously described method was employed.
The objective formed an image of the sample onto a thin cardboard screen placed a few centimetres
away. Figure 4.4 shows this as various squares on the screen. The screen was cut with a small
access hole so that light from one part of the sample was allowed to pass through, providing spatial
isolation of the required part of the sample. This light was collected by a collimator terminated fibre,
and sent to an Ocean Optics USB 2000+ spectrometer. The system also had an electronic rotation
stage, and was automated with the same LabView program shown above.
The same measurement protocol as above was used, but without reflection. The aperture size
was fixed by the size of the access hole in the screen, but the magnification of the system could be
adjusted by moving the screen and objective to throw the image further. This method was used to
measure the samples described in the angularly robust LoF filtering experiment of section 5.4.
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Figure 4.5: The relevant wavelengths for Raman scattering experiments. The dichroic mirror curve
shown has a much slower cut-on than would be used in reality, as an illustration.
4.1.2 Raman Microscope
Raman scattering, and even SERS scattering, is a very weak signal, so the microscope used had
to be optimised to extract as much signal as possible. Figure 4.5 shows the operating principle of
the microscope. The red curve is the transmission spectrum of a dichroic mirror, which reflects
the excitation light, but transmits all longer wavelengths. The incident laser light, here 532 nm, can
be reflected and focused onto the sample, while the Raman scattered signal, the orange curve, is
transmitted to be detected in a spectrometer. The requirement for this filter is that the cut-on is as
close as possible to the excitation wavelength and it is as sharp as possible. The red curve shown
here is a cartoon, but in reality the filters can be bought, such as the Semrock Di02-R532, which
cut-on at 536.8 nm and have a transmission of greater than 93% for the spectral region 541.6 nm
to 1200 nm. The source bandwidth should be as small as possible, as the measured width of the
peaks are a convolution of the source with the true scattering peaks, so resolution is lost with a large
bandwidth source.
The major source of noise in a Raman signal is unwanted florescence background. Although some
background is unavoidable if the material being measured itself emits florescence, contributions
from out of focus can still be large compared to the Raman signal. A confocal system is therefore
used to screen any signal which is not coming from the focus of the laser on the sample. This is
achieved by ensuring that that sample and a small aperture are on conjugate image planes, and that
the image of the laser spot on the aperture is matched to the aperture size. Any light from out of the
sample plane will be focused in front or behind the aperture, so little will transmit through to the
spectrometer, eliminating the main source of noise.
Figure 4.6 shows a schematic of the set-up built. The basis of the microscope was a Nikon
Ti-Eclipse. The microscope housing had a back port which could accept a laser beam. The laser used
was a Laser Quantum Gem, operating at 532 nm. This wavelength was used because, as noted in
section 6.1.3, the Raman cross section scales as 1/λ4, and it is around this wavelength that localised
surface plasmon resonances are found. The laser had a low bandwidth, 30 GHz which corresponds
to less than 0.1 nm, and excellent power stability, less than 0.8% rms, which enabled high precision
measurements.
To ensure that the tightest possible focus of light onto the sample, the whole NA of the objective
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Figure 4.6: The confocal Raman microscope system used for the flexible SERS experiments. Diagram
drawn with ComponentLibrary [129].
must be used. This means that the laser beam diameter must match, or slightly overfill, the diameter
of the back aperture of the objective. A beam expanding telescope was used to achieve this, as
shown in figure 4.6. This makes best use of the NA of the objective, so that the smallest focal spot is
achieved on the sample, increasing the local light intensity and maximising the Raman signal. A
variable neutral density filter was also used, because the laser was specified with a power output
between 1 mW and 500 mW, and this was too high for some applications, as high powers can destroy
the sample. For instance, a 100 mW beam was often used with a neutral density filter of optical
density 3, to achieve 100 µW at the sample.
After the light has been focused onto the sample, and some Raman scattered light is generated,
some of this light is collected by the same objective. It then proceeds down through the dichroic
mirror, through the integrated tube lens within the microscope housing, and forms an intermediate
image at the exit port. The entrance aperture of a multimode fibre, diameter 200 µm, was put in
another conjugate image place by a lens chosen to scale the image of the focused light spot to be
roughly the size of the aperture. This arrangement ensured the confocality of the system. This
fibre led to a Andor spectrometer, which used a Shamrock SR-303i-B Czerny-Turner body with a
Newton charge coupled device imaging sensor (CCD), cooled to −70 ◦C. This spectrometer was
chosen because CCD-based sensors have the least dead space between pixels, where a photon can
enter the sensor but be undetected. The thermoelectric cooling was required to reduce the dark
current, that is the current that flows even when there is no light present, which is the major source
of noise in CCD based sensors.
Between the intermediate image plane and the fibre-focusing lens were two additional optical
elements. These were required because the initial dichroic mirror did transmit a small amount of the
excitation light reflected from the sample. These components were another dichroic mirror, directing
the reflected excitation light to be imaged onto a camera, so that the user knows when the sample is
in focus, and a notch filter, which simply reflected the laser pump light away from the spectrometer
but lets all else pass. The latter component reduced the chance of introducing additional noise into
the spectrometer, or damaging the sensor. The configuration was optimised for an oil immersion
100× objective, using an ethanol cell as a reference. Other objectives were used when long working
distances were required for measuring SERS spectra from membranes. These alternative objectives
are detailed in chapter 6.
As an additional feature, the microscope had a Prior Scientific II electronic stage, which could
be instructed with commands via a serial port on the computer. This enabled the spectrometer
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Figure 4.7: A schematic of the way RCWA simulations break up space. Each colour represents a
different permittivity.
triggering and stage movement to be synchronised by the Andor Solis software, and therefore to
create spectroscopic maps.
4.2 Simulation
This section details the two categories of simulation used, which were simulating the transmission
and reflection of the membranes, and calculating the bandstructure of the membranes. As in the
introduction, the values for the electric permittivity of gold used are those from Johnson and Christy
[76].
4.2.1 Calculating the Optical Transmission through the Membranes
The two methods used to calculate transmission of light thorough the nanoplasmonic membranes
were a semi-analytical method, and a FEM. Both performed two-dimensional simulation, which
was sufficient for the purposes of this thesis, however both could be extended for three-dimensional
structures, at the cost of increase processing time.
Typically the first method, rigorous coupled wave analysis (RCWA), was a fast method used
to explore the design parameters of a design, and the FEM was slower, but could reveal the field
profiles and working of a structure.
4.2.1.1 RCWA Simulations
RCWA is a semi-analytical method to calculate the transmission and reflection through a periodic
structure with multiple layers [130]. Figure 4.7 shows the type of structure RCWA is designed to
simulate. Light is incident at a set angle from the top, and passes through the structure, which is a
stack of layers in the z-direction. Each layer can have a different thickness, and can optionally be
periodic in the y-direction. The example shown has one uniform layer, layer 2, and one periodic
layer, layer 1. In this way, a grating on top of a free standing membrane can be simulated by setting
the red, yellow and orange coloured sections to be air, the blue coloured section as gold, and the
green coloured section to be SU-8.
RCWA considers each layer in turn and calculates analytically the EM modes. The periodicity
of the structure is essential as it allows the permittivity in each layer to be expressed as a Fourier
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Figure 4.8: a) An example of a FEM mesh. b) The scattering matrix formalism for a two port network.
expansion, and the EM wave in each layer as Floquet modes. The rest of the algorithm concerns
matching these modes at each interface, so that wave defined at the start is propagated through the
structure. The initial boundary conditions can be set in terms of the incoming light’s wavelength,
polarisation, and angle of incidence. Although the algorithm would converge to the analytical
solution if an infinite number of modes were considered, RCWA considers a truncated set. In
addition, the RCWA scheme calculates each of the diffracted orders separately, but for the sub-
wavelength periodicity devices considered there was no diffraction, and only the zeroth order needed
to be calculated.
RCWA is fast and efficient, and because the wavelength could be defined at the start. It
is a frequency domain solver, so including material dispersion is easy. An in-house MATLAB
implementation of RCWA was used throughout this thesis.
4.2.1.2 Finite Element Method
A finite element method was used to crosscheck the RCWA simulations, and also to provide insight
into the field profiles within the devices. FEMs involve breaking up a structure into a mesh of
vertices, and then directly solving Maxwell’s equations on that mesh, either iteratively or by direct
matrix inversion. The RF and wave optics modules of COMSOL Multiphysics were used, which have
frequency domain solvers, so material dispersion is easily handled.
The mesh generation, and selection of boundary conditions are crucial when creating a FEM
model. An example of a mesh is shown in figure 4.8a), for the same structure as shown in figure 4.7.
It can be seen that the mesh can adapt to where the user expects the strongest variation in field to
occur, in this case around the yellow rectangle, which might represent a gold nanowire. In this thesis,
the maximum distance between mesh points was held at λ/10, apart from on the surface of metallic
nanostructure where vertices were forced to be between 1 nm and 5 nm apart to ensure plasmonic
effects where captured accurately.
Boundary conditions must be enforced at the edges. Where periodic structures were being
simulated, Floquet boundary conditions were imposed. The opposing sides of the structure, which
would meet when the structure is repeated must have mesh points which are identical, otherwise
there would be a mismatch. In the diagram, the red boundaries at the sides have the same distribution
of mesh points.
The top and bottom boundaries define how the light enters and exists the structure. In the
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transmission and reflection calculations done in this thesis, ports were used to calculate the scattering
parameters, or S-matrix, of the system. Multiple ports could appear on each boundary, one for each
propagating mode, in this case the diffraction orders. In the case of a sub-wavelength periodicity
with no diffraction, only ports representing the zeroth orders were required, one at the top and
one at the bottom. The S-matrix defines the relationship between the input to a system and the
output, treating the system itself as a black box. Figure 4.8b) gives a schematic, where a1,2 are input
amplitudes and b1,2 are output amplitudes for any given EM wave. They are related by the equation(
b1
b2
)
=
(
S11 S12
S21 S22
)(
a1
a2
)
In general each Sxy can be complex, so that phase shifts are represented by the argument of the
matrix element. The transmission through the structure is the effect on b2 as a result of a wave from
a1, leading to a transmission of |S21|2. The reflection from the top, side 1, is |S11|2, and the reflection
from the bottom is |S22|2. The S-matrix will be different for each incident wavelength.
In this way, COMSOL was able to return both the transmission and reflection coefficients with
the S-matrix parameters, and also show the field profile. An example of the field profile has been
given in figure 2.3b). The disadvantage of this method is that it is very slow, typically taking several
minutes to simulate a single wavelength.
4.2.2 Calculating the Bandstructure of Plasmonic Crystal Membranes
The bandstructure is a useful way to represent the allowed propagation modes in a photonic structure,
as a function of the frequency, and the wavevector of the incident light. This gives an easy way to
predict how incident light will interact with a material, both at normal incidence (zero wavevector)
and at arbitrary incident angle. The membranes fabricated for this thesis could be analysed as
plasmonic crystals because the grating structures used were periodic in one dimension, and had
translation symmetry in another.
There are two methods to find the bandstructure, one is to set the angular frequency, ω and
find a complex wavevector k (complex wavenumber eigenvalue simulation (CWES)), or the reverse
where k is set, and ω is found. In practise this thesis only considered frequency domain methods, as
time domain simulations such as MEEP, are less accurate at modelling materials which are lossy
and dispersive. Two methods are used to calculate the bandstructure. First, a simpler eigenvalue
problem, combined with the empty lattice approximation is considered as a CWES, and second a
wavevector-marching FEM approach is demonstrated, which used the reverse approach.
4.2.2.1 Analytical Eigenvalue Problem
To calculate the bandstructure of the guided mode resonance (GMR) filters in chapter 5, the empty
lattice approximation was used, as the grating was a perturbation on the surface of the waveguide.
As described in section 2.2.3.1, the bandstructure of the unperturbed system could be solved, and
folded back at the FBZ boundaries. For a GMR filter, this leaves a simple dielectric waveguide slab,
for which the solutions are well known analytically.
However, in order to capture the dispersion of the materials a matrix inversion method was used,
so that the mathematics could be quickly calculated for different wavelengths. The bandstructure
for different slabs could aslo be found quickly. In order to do this, Maxwell’s wave equation was
rewritten as an eigenvalue problem, which was solved using MATLAB’s eigs function.
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Maxwell’s wave equations for light in a stratified medium with an electric permittivity e, depend-
ing on z and ω are as follows:
∇2E + 1
c
∂2E
∂t2
= −∇
(∇e
e
· E
)
(4.1a)
∇2H + 1
c
∂2H
∂t2
= −∇e
e
×∇×H (4.1b)
where c0 is the speed of light in vacuum. These equations reduce to the standard free space equations
under the condition that the electric permittivity is constant, i.e. ∇e = 0.
These equations can be rewritten, assuming a wave travelling in the x-direction, in a medium
stratified in the z-direction. The amplitude of the fields can only vary in z because of symmetry. For
the transverse electric (TE) polarisation, the electric field is perpendicular to both the direction of
travel and the normal to the dielectric slab: E = yˆA(z)ei(kx−ωt), where yˆ is the unit vector in the y
direction. Since the refractive index only changes in the z direction, and E is always perpendicular
to this direction of change, ∇e · E = 0, so the right hand side of the equation is equal to zero.
Substituting the equation for the electric field into equation 4.1a, the y direction has the only non-zero
component: (
∂2
∂z2
+ e(z,ω)k20
)
A(z) = k2 A(z) (4.2)
where k0 = ωc0 .
Similarly, for the transverse magnetic (TM) modes H = yˆA(z)ei(kx−ωt), which can be substituted
into equation 4.1b: (
e(z,ω)
∂
∂z
(
1
e(z,ω)
∂
∂z
)
+ e(z,ω)k20
)
A(z) = k2 A(z) (4.3)
Equations 4.2 and 4.3 can be seen to be of the form Oˆv = λv, which is an eigenvalue equation
for the y component of the electric and magnetic fields. By considering v as a vector where each
value in the vector corresponds to the magnitude of the field at sequential points in space, and
writing e as a matrix with the values of the electric permittivity at each location on the diagonals, a
separate operator can be defined for each ω. The derivative operators were replaced with matrices
approximating them using the finite difference approximation. This eigenvalue equation was then
solved in MATLAB for each value of ω This could be performed very efficiently in parallel on a
multicore processor, because each ω has an independent equation. This returns a set of k, for each ω,
which is the dispersion relation and bandstructure, ω(k).
Having solved the one dimensional waveguide slab case the periodicity was incorporated by
using the empty lattice approximation to fold back the bandstructure at the FBZ edges.
4.2.2.2 Using a Finite Element Method
The semi-analytical approach works well for the simple case of the dielectric slab, where any grating
structure is treated as a perturbation. However, for more complex structures this approximation
does not hold, and the bandstructure of the complete device must be solved. FEM packages, such as
COMSOL, provide tools to enable this, but often these are not optimised for lossy and dispersive
materials such as metals. Specifically, FEM tools typically find a complex frequency for a given
wavevector, rather than the reverse. This method requires the electric permittivity to be fixed in
advance of the matrix assembly, and so material dispersion cannot be easily incorporated. CWES
is possible [131] in FEM packages, but it requires direct input of the equations to be solved to the
general partial differential equation solver, rather than relying on the program’s own algorithms for
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dealing the Maxwell’s equations. Here it is shown how to calculate the bandstructure of a lossy,
dispersive photonic crystal using COMSOL’s standard modules.
The module used was the Electromagnetic Waves, Eigenfrequency solver in the RF module. One
unit cell of the grating was input, with Floquet boundary conditions imposed to have the same effect
as simulating an infinite periodic array. The Floquet boundary conditions in COMSOL allow the
user to input the value of the wavevector, which constrains the results of the Eigenfrequency solver.
The approach was based on COMSOL’s own documentation [132], although this contains guidance
only for lossless, non-dispersive media.
In order to avoid the problem of having to set the refractive index of the materials in advance
of finding the eigenfrequency, which itself depends of the refractive index, a k-vector marching
method was developed. In outline, this strategy consisted of a computationally intensive run to find
the initial eigenfrequencies at k = 0, before tracing each band out by incrementing the k-vector in
small steps. Material dispersion was handled by setting the material parameters to the values of the
previous k-vector state, and assuming that ω would only undergo a small change between the states
found, so the material parameters will still be valid. An additional constraint was that the integral of
the modulus of the electric field over all space was to be unity. This allowed a ready comparison
between the different modes found, and discounted some modes which were non-physical.
The specific scheme to implement the marching algorithm is as follows:
1. Find the eigenmodes for the structure at k = 0, by scanning through a range of ωsearch, and
looking for the eigenmode closest to this frequency. Because the eigenmode searching is done
in the frequency domain, the material parameters of the materials (the refractive indices) are
set with their values at ωsearch. This leaves a list of allowed values of ωallowed, but only the ones
with ωallowed ≈ ωsearch are kept to the next stage, because they have a consistent set of n and ω.
Additionally, spurious modes which occur due to the boundary conditions are also discarded.
2. Each band in then considered separately, so one of the ωallowed from step 1 is selected, and this
becomes ω0, which is the eigenfrequency at k0.
3. The following procedure is used to step through the wavevector, and find the ωp for each value
of k, incremented by kstep. Set p = 1.
a) The material parameters are set to those for ωp
b) The value of k in the model is then increased to k = k0 + p× kstep
c) The solver then seeks to find ωp+1 for each band, by searching for the eigenvalue closest
to ωp for this new value of k.
d) Increment p by 1, and return to step 3a.
4. Return to step 2, and choose the next ωallowed, to trace out the end band.
This procedure will always find the new ωp for the refractive index of n(ωp−1), using the previous
frequency. As long as kstep is small, then this discrepancy can be ignored, as the difference in ω will
be small. The geometries used in this thesis were two dimensional, however this is a general method
for three dimensions as well. The main limitation of this technique was that at large k-vectors where
bands meet, the algorithm did not have a method to choose between bands. In practise, the use of
bandstructures in this thesis was to predict the behaviour of devices around normal incidence so this
did not represent a major difficulty.
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4.3 Conclusion
This chapter has explained the design and use of the tools used in the rest of the thesis. Trans-
mission and reflection measurements were vital in understanding the resonances which arise in
nanoplasmonic devices. Two methods of measuring the transmission through structured membranes
were shown, along with two methods to calculate the same. Although it is not possible to directly
probe the field profiles which arise in a physical system, the FEM simulations could correlate the
transmission with EM distributions in the materials.
Calculation of the bandstructure was also important, because this gives the allowed propagation
modes within a device. Using the angularly resolved transmission measurements, the a proxy for
bandstructure could be traced out, since changing angle alters the wavevector component in the
plane of the device. Again, being able to verify the models and then use them to gain physical
insight into the operation of the devices fabricated allowed the development of useful functions.
Finally, the Raman microscope was built, so that the use of the electric field confinement of the
nanoplasmonic devices created could be demonstrated. All these tools were used to enable the
results of this thesis, and will be used in the future for further work which is ongoing in the group.
Contributions
I designed and built the two transmission set-ups. The Raman microscope was built using compon-
ents from both my group, and the Optical Manipulation Group, St Andrews, for which I am grateful
to Kishan Dholakia. I am also grateful to Igor Andreyev, from the same group, for advice on how to
build the Raman microscope. I developed the simulations from pre-existing packages and code.
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Chapter 5
Flexible Plasmonic Structures for
Lab-on-Fibre
In this chapter the lab-on-fibre concept is extended to use flexible plasmonic membranes. Two
configurations are shown, firstly wrapped on the end of a collimator terminated fibre, and secondly
a device is shown which can be directly applied to the fibre facet. The GMR filter is developed as
a particular implementation of a plasmonic device for LoF. This application was chosen because
of its broad applicability as a filtering mechanism, and because it demonstrates the usefulness of
the membrane structure which the fabrication procedure used here permits. It should be noted
that this is not a restriction on the type of device which this methodology could support, but is a
representative example.
5.1 Introduction
Light has been used to transmit information for a long time. Optical fibres have inspired a major
advance in the ability to transmit information over long distances ( e.g. national and international
telecommunications), as well as short distances to inaccessible locations (e.g. endoscopy). Fibres have
enabled many experiments to take advantage of the decoupling of where the light is collected, the
collection facet, and where it is processed, at the remote facet.
However, as the level of sophistication in fibre-based experiments has grown, the desire for ever
more complex functionality has increased. This has rendered it necessary to perform some light
processing at the collection facet of the fibre, instead of in bulky external equipment. This enables a
plethora of new applications, as novel filtering, sensing and imaging modalities become available to
the biological sciences. Additionally, innovative coupling and light routing functions could enhance
the capabilities of computing, as in many cases data can be generated and processed faster than
it can be transmitted. Optical interconnects are seen as a solution to the information bandwidth
bottleneck in servers and even within a single motherboard. LoF technologies seek to integrate these
functions directly into the fibre itself, both miniaturising the assembly to reduce costs, but also to
enable a “plug-and-play” type of user experience [133].
In this way LoF is an evolution of lab-on-a-chip (LoC) research which has been a dominant force in
the desire to miniaturise lab-scale processes into a single portable package since the 1990s. Coupled
with microfluidics, LoC has demonstrated the ability to perform glucose assays on physiological
fluids [134], which use colourimetric analysis, an intrinsically optical technique. Raman spectroscopy
has also been demonstrated in a microfluidic package [135], [136], which relies on light scattering
within the channelled fluid. These are just two examples of how the LoC project uses photonics.
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Figure 5.1: Schematic of the direct writing process (left) compared to the transfer method (right).
LoF complements this by providing an alternative form factor, where the optical analysis is
performed directly on the fibre, rather than on the chip. This can still be integrated into microfluidic
systems, but could also be used on its own in any other scenario where fibres are used, such as
endoscopy.
5.1.1 Current Fabrication Methods
One limitation for any technology is the restriction on what it is possible to make. The form factor of
a fibre makes controllable modification of its termination particularly challenging, as fibres are very
long and thin. LoF fabrication schemes can be classified into two broad categories: direct writing,
and the transfer method. Figure 5.1 gives a schematic to illustrate the difference between the two
protocols. Each fabrication method carries different advantages and limitations, especially with
regard to the type of fibres which can be used.
5.1.1.1 Direct Writing
Direct writing involves the direct deposition and patterning of material on the fibre tip, or directly
forming structures out of the facet itself. Typically, this involves a mixture of thin film deposition
and traditional additive or subtractive methods adapted for use from the semiconductor processing
industry. Although any planar fabrication route could be used, the particular geometry of the
the fibre facet, particularly its high aspect ratio, make the implementation of these techniques
challenging.
Focused ion beam (FIB) methods have been used to pattern the gold coated tips of single-mode
and multi-mode fibres, demonstrating refractive index sensors based on extraordinary transmission
[13]. With the addition of more metallo-dielectric layers this method has also been used to create
an on-fibre Fabry-Pérot refractive index sensor [137]. FIB milling has led to more complex designs,
including an atomic force microscopy cantilever directly fabricated on the tip of a fibre [138].
Alternatively, standard EBL processes have been demonstrated directly on the facet of the fibre
[139]. Specially adapted equipment to spin coat the fibre tip are required to achieve this, as well as
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specific holders for the lithographic processes. The nanophotonic structure which was made in this
way was capable of refractive index sensing in reflection, as well as detecting sound waves using a
compressive element. EBL is particularly challenging for LoF because the glass-based material of the
fibre does not conduct electrons away, leading to charging.
Additionally, techniques such as nanoimprinting have been used [140]. Imprinting a grating
onto a gradient refractive index (GRIN) terminated fibre allows an image to be collected using
spectrally-encoded endoscopy [141]. In this process, the transmitted light from the fibre is diffracted
such that each wavelength corresponds to a different angle, so that the reflected spectrum becomes
a proxy for the image. Two photon polymerisation has also been used [142], which can create
three-dimensional structures such as woodpiles on the fibre tip [143]. Self assembly has also been
shown to be able to fabricate very sensitive fibre endings for refractive index sensing [144].
The main advantages of these protocols is that the smallest possible package size is achieved for
any particular function, as only the optically required structures are deposited, with no substrate
or glue. It also has the advantage that the functional elements can be precisely aligned during
fabrication. The limitations of this method are that the fabrication process is made complicated by
the particular geometry of the fibre, and that it is difficult to envisage mass production of many of
these techniques, as the fibres have to be treated one at a time.
5.1.1.2 Transfer Fabrication
The transfer method takes a different route. This seeks to fabricate the device separately, and then
apply it to the fibre later. The most popular example of this is to use a glue to stick a device, even
photonic crystals, onto the facet surface [145]–[148]. This has been shown to then be able to sense
and measure the concentration of nanoparticles in solution [149].
The other leading method is nanoskiving [53], in which soft-lithography is used to fabricate an
epoxy block with metallic structures inside, of which a cross-section displays the desired pattern.
For instance a nanowire array could be sliced to reveal an array of nanodisks. An ultra-microtome
with a diamond blade can then cut this section from the block, and can be as thin as 30 nm. This
section can then be transferred onto the tip of a fibre, using a water immersion method [150]. The
epoxy can then be removed with an oxygen plasma, leaving only the metallic features behind.
The method presented for LoF in this thesis is a transfer method. Specifically, a nanoplasmonic
membrane can be applied to the end of the fibre, with a guaranteed good contact to the facet because
of the flexibility of the substrate. In this way the facet of the fibre can be imbued with the function of
the membrane.
Transfer fabrication brings with it the intrinsic advantage of decoupling the fabrication procedure
from the choice of fibre. This broadens both the fabrication techniques which can be considered, as
well as potentially broadening the type of fibre used. Additionally, with a membrane-type approach
there is no requirement to permanently attach the functional element to the fibre tip. Reversibility is
a powerful addition to the LoF toolkit, because a single fibre with associated additional equipment
can be re-purposed simply by adding a new facet covering.
5.1.2 Choice of Fibre
Standard step index fibres have been the favoured variety of fibre used for the majority of LoF
demonstrations. These have the advantage that, in the case of single mode fibres, the field profile can
be easily calculated in advance of fabrication. They also provide an optically flat surface upon which
to directly fabricate, glue, or apply a membrane using a method relying on liquid suspension. It
should be noted that fibres which have facets which are not cleaved flat are much more complicated
to use with these methods.
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The fibre cleaving procedure itself can be problematic, even on the simplest of fibres. Where
optical fibre is bought unterminated, it is usually desirable to prepare the facet immediately before
use in order to reduce the possibility of contamination, or other physical imperfections. The best
method for ensuring an optical quality finish is to polish the fibre, but this requires specialised
equipment and is time consuming in a laboratory context. The easiest technique is to mechanically
cleave the fibre. This usually involves a small piece of equipment which puts the fibre under tension,
before introducing a defect with a sharp blade. This defect then propagates through the fibre,
resulting in a flat endface. Problematically, the resulting cleave often has small blemishes from where
the initial defect is formed, but there is also no guarantee of a perfectly flat endface perpendicular to
the fibre’s long axis because the glass does not have an intrinsic weakness in any particular direction,
being a glass and not a crystal.
Photonic crystal fibres (PhCFs) can compound this problem, because their design inherently
requires structure through the whole length of the fibre, leading to a non-planar facet. PhCFs have
allowed unprecedented control over light, and have been able to circumvent some of the normal
limitations of standard technologies, making them desirable in the LoF context. Applications have
included endlessly single mode operation [151], extremely high NA devices [152], and control to
maintain light’s polarisation as it propagates through the PhCF [153], [154]. Additionally, the high
confinement such fibres can provide is particularly advantageous for non-linear processes inside
the fibre, for instance supercontinuum generation [155], [156], the facilitation of soliton propagation
[157], and even more esoteric ideas like the observation of event horizons and negative-frequency
radiation [158], [159].
One particular design is the hollow core photonic crystal fibre (HCPhCF). In these fibres, light
is transmitted down an air channel within the fibre, confined by the bandgap of a series of holes
parallel to the channel [160]. Such a fibre combines the advantages of free space propagation, like
the reduction of Fresnel reflection at the facets of the fibre to nearly zero, while maintaining the
ability to physically manipulate the path of light to its destination. In terms of sensing, many
experiments have used the channel within the fibre to pass liquids, producing sensors with extremely
long light interaction lengths. This has found application in near-IR absorption spectroscopy [161]
and fluorescence spectroscopy [162]. In short, HCPhCFs have already shown their potential for
miniaturising and increasing the portability of certain classes of light-matter interactions, but have
been left untouched by the LoF community.
5.1.3 Motivation
Flexible membranes are an ideal platform to enhance the field of LoF for the following reasons:
Arbitrary Pattern fabrication The fabrication method used to create plasmonic membranes is able
to support any lithographically defined pattern.
Conformability to the facet Using a flexible substrate eliminates difficulties arising from imperfectly
cleaved fibre facets, and simplifies application of the device to the facet.
Reusability Plasmonic membranes are strong enough to be reused, without discernible change to
their optical response.
Unrestricted choice of fibre Finally, this chapter demonstrates the use of a plasmonic membrane
on a HCPhCF, effectively suspending plasmonic features over air, which would be impossible
using a direct writing method.
The fabrication method shown in chapter 3 details how flexible membranes carrying nanoplas-
monic features can be made robust enough to be free standing. This is important because the
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Figure 5.2: a) As schematic of the grating, with relevant parameters shown. b) SEM image of the
surface of the grating. Adapted, with permission, from [1].
hydrophobic transfer method cannot be used with PhCFs because the liquid would fill in the holes.
Additionally, the membranes do not appear to degrade upon multiple use. This is a key requirement
for easy application, as it is envisaged that an end-user could apply a terminating endcap to a fibre
facet prepared immediately before use by themselves. Flexibility permits the ability to make good
contact to the facet, even with a sub-optimal tip. Crucially, using a transfer method means that the
choice of fibre and functionality are completely decoupled.
5.2 Guided mode resonance filters
As an example of an LoF application, here the guided mode resonance (GMR) filter is given as
an example. GMR filters were originally put forward in the 1990s as a method to create narrow
linewidth, high visibility filters [163], [164]. They rely on a diffractive component which is able to
couple light into a waveguiding element when certain resonance conditions are met.
The GMR filter is an ideal demonstration of the use of flexible plasmonic membranes because
rather than the substrate being a disadvantage, or even a passive element in the device, it is essential.
The substrate membrane is itself the waveguiding layer, and therefore plays an active role in the
device. This waveguiding layer only allows light to propagate which have the energy and momentum
of one of its waveguide modes, and it is this resonant effect which performs the filtering.
The role of the grating is to match the momentum of the incident light to that of the waveguide.
Normal incidence light has no momentum in the plane of the membrane, but the grating couples the
incident light into the waveguide mode. It does this by increasing the incident light’s wavevector,
by integer units of the reciprocal lattice vector. For a 1-D grating, as considered here, the reciprocal
lattice vector is G = 2pig . When the grating can be considered a small perturbation on the membrane,
then the empty lattice approximation holds, described in section 2.2.3.1, represented in bandstructure
diagrams by the folding back of the modes at the FBZ edges.
This effect holds for whatever kind of mode is supported by the periodically structured waveguide,
and in this chapter light is coupled into the waveguide modes of a freestanding dielectric membrane,
as well as the SPP modes of a metal surface.
5.2.1 Filter Parameters
A schematic of the kind of device fabricated is shown in figure 5.2a), with the relevant parameters
annotated. It can be seen from this diagram that the polymer membrane serves as the waveguide
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Figure 5.3: a) The empty lattice TM bandstructure of a plasmonic membrane d = 1.3 µm, g =
500 nm, a = 150 nm, and t = 30 nm, calculated using the method described in section 4.2.2.1. b) The
simulated TM transmission as a function of angle for the same structure. The simulation method
used was RCWA, described in 4.2.1.1. Adapted, with permission, from [1].
layer, with the gold on top providing a sub-wavelength grating. Figure 5.2b), shows an SEM image
of the surface of an example grating before it was released from the silicon substrate.
In this section the effect of each of these parameters is considered on the filtering. The incident
light is assumed to be in the visible or near-IR region, 400 nm to 900 nm. In general the TM and
TE polarisations of light have to be considered separately because they have different waveguide
modes in the membrane. In this thesis modes are defined relative to the grating wires: TM only has
a magnetic field component parallel to these, and TE modes only have an electric field parallel. For
low duty cycle GMRs considered in the first instance the logic for both TM and TE is the same, so
only TM modes are considered. Where SPP effects become important later in the chapter, both are
considered.
5.2.1.1 Using the Bandstructure to Predict the GMR Response
The bandstructure is the key to predicting the filtering response of the GMR. Figure 5.3a) shows
the bandstructure of a particular device, with a variety of waveguide modes, calculated using
the method described in section 4.2.2.1. Figure 5.3b) shows the angularly resolved transmission
spectrum of the same device, demonstrating that the location of the spectral resonances are correctly
predicted by the bandstructure. For this selection of parameters the empty lattice approximation
holds. The wavevector on the x-axis in figure 5.3a) relates to the angle in figure 5.3b) by the equation
k = (2pi/λ) sin(θ), where θ is the angle from the normal to the membrane surface, as marked in
figure 5.2a). Rotating the incident light in the plane of the wire did not change the momentum in the
plane of the grating, so is ignored here. Thin film interference, or the Fabry-Pérot effect, does have
an effect which varies with this angle, but the Fresnel reflections are not large enough to make this a
dominant effect.
In this section each parameter shown in figure 5.2a) is taken in turn, and examined.
Period, g As the well know diffraction grating equation, sin(θ) = nλg , shows, if g < λ then sin(θ)
has no real solutions, as the right hand side of the equation is greater than 1 for all n. This means that
there are no diffracted orders, and only the zeroth order is transmitted and reflected. Consequently
the transmitted light is always collinear with the incident light, and the reflected light obeys the
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Figure 5.4: The simulated TM transmission, reflection and absorption as a function of duty cycle,
a/g, for a period 400 nm, gold thickness 40 nm and membrane thickness 1 µm membrane. These
data were simulated using the RCWA method described in 4.2.1.1. Reproduced, with permission,
from [1].
normal relations for reflected surfaces, θre f lected = θincident. Importantly, this means devices can be
designed with sub-wavelength gratings which do not loose light to diffracted orders.
Additionally, the periodicity dictates the spectral location of the series of resonances into which
the normal incidence, k = 0, light can couple. Changing the periodicity does not have a large effect
on the spacing of the modes relative to each other, but shifts the whole group. The folding back of
the modes at the the FBZ edge occurs at 2pig , as can be seen in figure 5.3a). Increasing g then moves
the crossing point of the modes with the y-axis, where k = 0, to lower angular frequencies.
Membrane thickness, d The primary effect of membrane thickness is the number of modes that
are admitted in the waveguide layer. This in turn affects the free spectral range of the filter. As can
be seen in figure 5.4, a 1.3 µm thickness membrane surrounded by air has seven modes allowed in
the visible region.
The thickness of the membrane becomes more difficult to handle below 1 µm thickness, so the
initial results reflect this in having a smaller free spectral range.
Gold thickness, t The gold thickness plays a relatively small role in transmission and reflection
spectra when it is a few 10s of nanometers thick, but for thicker gold (greater than 100 nm) the
absorption starts to increase markedly. Some recent studies have used this effect to show theoretically
nearly 100% absorption at some visible wavelengths in similar structures, but with much thicker
metal layers, e.g. 400 nm tungsten [20] 200 nm silver [96].
The thickness of 40 nm chosen for this study is because this is thick enough to create the required
strong modulation of refractive index required for an effective grating. The simulations run show
very little difference in the characteristics of such a device for gold thicknesses below 100 nm.
Duty cycle, a/g The effect of duty cycle can be seen in figure 5.4. At low duty cycle the resonances
can be predicted with the Helmholtz equation and empty lattice model, described in section 2.2.3.1. It
can be seen that at higher duty cycle the resonances spectrally shift, because the metallic perturbation
alters the bandstructure. The effect of this is to increase the confinement in the SU-8, lowering the
energy of the mode, which manifests as an increase wavelength.
So it can be seen that this is a versatile filtering method, where at low duty cycle there is a series
of notch filters, while at high duty cycle there is a series of bandpass filters, in transmission. The
reflection exhibits the opposite type of filtering.
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Figure 5.5: The angularly resolved transmission spectrum for a membrane with d = 1.3 µm, g =
500 nm, a = 150 nm, and t = 30 nm. The simulation method for the left panel was RCWA, described
in 4.2.1.1. Reproduced, with permission, from [1].
5.3 Collimator Mounted Plasmonic Membrane
As can be seen from the figure 5.3b), the angular robustness of standard GMR filters is low. The next
section will investigate methods to improve upon this, but the alternative is to provide a method of
avoiding this issue. Here we show how collimator mounted membranes can be used for LoF.
Mounting via a collimator enabled a first demonstration of the flexible nanoplasmonic membrane
platform being used in a LoF context [1]. Although collimator optics add bulk to the whole device,
the ease-of-use is greatly increased by being able to simply wrap the device onto the collimator.
5.3.1 Fabrication
The fabrication used was the standard procedure described in section 3, using SU-8 as the resist. The
membrane here has geometric parameters d = 1.3 µm, g = 500 nm, a = 150 nm, and t = 30 nm. This
duty cycle corresponds to the green line on figure 5.4. For the free space measurement in the next
section, the membrane was mounted into an acetate frame by the hydrophobic suspension method.
5.3.2 Free Space Measurement
Before mounting into a LoF configuration, the membrane was measured in a free space configuration.
The measurement was performed using the apparatus described in section 4.1.1.1, using angular
steps of 0.1◦ between spectra. Figure 5.5 shows the comparison between the RCWA simulation of the
transmission through a nanoplasmonic membrane, and the measured membrane fabricated. The
simulation did not have any fitting parameters, and used only measurements from the fabrication
process and SEM images of the resulting features.
The agreement can be seen to be very good. Although the visibility is slight decreased in the
filtering, the expected structure can be clearly seen. This shows that polymer membrane fabricated
is of a high enough quality to support waveguide modes, despite being bent and manipulated
with tweezers on the surface of water. Although the membrane can be imaged before releasing the
membrane from the silicon substrate, it is very difficult to image the free standing membrane in the
SEM after release, because the whole structure becomes very quickly charged. The optical effect of
the membrane is therefore the main result which can be used to assess the quality of fabrication.
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Figure 5.6: a) The complete assembly, with left inset showing diffraction from the fabricated
structures illuminated as oblique incidence. b)-d) A comparison of the RCWA simulated transmission,
with angular spread of 5.7 degrees, alongside the measured results, both free space and on-fibre
measurement. Reproduced, with permission, from [1].
5.3.3 Collimator Measurement
In order to demonstrate this membrane in a collimator-based LoF arrangement, the membrane had
first to be mounted onto a frame. Aluminium foil was chosen as the host, because it was easy to
manipulate the membrane on, but also was itself able to be wrapped around the fibre collimator. This
demonstration of easily mountable and removable foil-mounted membranes shows the versatility of
different LoF based techniques, or the possibility of wrapping the membrane onto other objects.
The aluminium foil was first perforated with a pin 7 µm in diameter, through which light
could pass. The membrane was then able to be mounted onto the aluminium foil from being
hydrophobically suspended. In order to position the membrane precisely over the hole, water was
allowed to remain between the membrane and the foil, so that the membrane could be moved into
position. The alignment was done by eye, using a stereoscope. To make sure that the membrane
stayed in the correct position while the water was drying, as much water as possible was encouraged
to drain through the hole. Once the water dried up, the membrane was held in place by van der
Waals forces. If desired the membrane could easily be glued to remain permanently.
The aluminium foil was then wrapped around the collimator, as shown in figure 5.6a). The
right inset shows the completed structure, while the left inset shows more clearly the membrane.
The edges of the membrane are traced out in a dashed blue line to make it more visible, as it is
transparent. The different patterned areas are illuminated such that diffraction is visible from them.
One of the patterned areas is over the hole in the aluminium foil.
The collimator used was a Thorlabs F260SMA-B, with a linear polariser mounted inside, cut from
a sheet of Thorlabs LPVISE2X2. The spectra in figure 5.6b)-d) show a comparison of the RCWA
simulation, a free space measurement before mounting onto the foil, and a measurement in the LoF
configuration. All these spectra were aquired at normal incidence. The LoF measurement was taken
by coupling light from a halogen bulb, Ocean Optics LS-1, which covered the whole visible spectrum,
and collecting the transmitted light through the fibre, and membrane, with another collimated fibre.
The second fibre was then fed into an Ocean Optics USB-2000+ spectrometer. The transmission for
the on-fibre measurement was calculated by referencing the signal through the membrane mounted
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on the aluminium foil to the signal through the same foil, but with the membrane removed.
Good agreement is seen again, although the visibility of the filtering of the on-fibre measurement
can be seen to be reduced compared to the simulation. The simulation built in an angular spread of
5.7◦ to account for the spread of angles from the collimator, which illustrates the need for angular
robustness, despite using a collimator based system.
5.4 Facet Mounted Plasmonic Membrane
Although angular robustness is desirable in a filter for many applications, it is essential for direct
integration onto an optical fibre facet. This is because light from the facet of an optical fibre
propagates with a range of angles defined by the NA of the fibre. In this section a design for a GMR
type filter using SPPs is shown, which is demonstrated directly mounted onto the facet of a hollow
core optical fibre.
5.4.1 Improving Angular Robustness
Unfortunately, the angular robustness of GMR filters is typically very low, because the dispersion of
the bandstructure of the waveguide modes means that the different angles corresponding to different
wavevectors couple to difference angular frequencies. In order to increase the angular robustness
within the GMR scheme, there must be a range of modes each with the same frequency, but with
different wavevectors. This is called a flat band configuration.
Various methods have been proposed for increasing the angular robustness of GMR filters. These
typically involve additional complexity of the design of the device. There has been a demonstration
of a doubly periodic structure for filtering near the telecommunication wavelength which had an
angular tolerance of 0.2◦ (for a 0.5 nm bandpass filter) [165]. More recently theoretical studies have
been carried out to extend angular robustness further, including using metal-gratings on both sides
of the waveguiding layer, in the mid-IR [166], using a GRIN waveguiding layer [167], and integrating
distributed Bragg reflectors [168], both in the visible.
These methods all required fabrication methods which might be very difficult to realise. Here an
alternative method is presented which relies on inducing a large bandgap between two modes, to
increase the angular tolerance [3]. This is achieved by using a propagating SPP mode which exists
on the boundary of a metal and dielectric.
A flat bandstructure can be made by opening up a bandgap in the dispersion curve of a
waveguiding structure. The origin of a bandgap comes from the lifting of the degeneracy in the
modes at a FBZ edge. Practically, this means that as the frequency increases of the mode, there is
a discrepancy between the energy of one mode and the next. This energy gap arises due to the
fact that the amount of energy a mode has is a function of the distribution of electric field in the
materials of the device. From this we can define an effective refractive index, which is the average
refractive index weighted by the fractional value of |E| at each point. The larger the difference in
effective index, the larger the bandgap, and therefore the greater the angular tolerance.
The bandstructure of a high duty cycle grating on a very thin, 260 nm, membrane is shown in
figure 5.7. The black dots are the TM modes, which are of described first. This changes two things
from the collimator mounted device, firstly, as can be seen from panel a), an almost purely SPP
type mode is available to be excited, and second the membrane is now so thin that a significant
proportion of this mode’s electric field is in air. The coloured triangles indicate which field plot from
a) correspond to which mode in b). For the thicker membrane the waveguide modes are almost
completely contained within the membrane, which meant that the size of the bandgap, if it existed
at all, was vanishingly small. The distribution of the electric field in the three materials, for the thin
membrane shown in figure 5.7, is tabulated in table 5.1. The pink low energy mode has most of its
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Figure 5.7: The bandstructure for an SPPs on 40 nm thick gold, atop a 260 nm thick SU-8 layer,
which has been interrupted by nanoslits 150 nm wide with a periodicity of 600 nm. a) shows the
y-component of the electric field at k = 0 for two energies which would have been degenerate
without the periodicity enabled anti-crossing. b) The bandstructure, with the dotted line indicating
the wavevector corresponding to a 10 degree angle of incidence for each frequency. Reproduced,
with permission, from [3].
electric field in the high refractive index SU-8 (62%), whereas the blue higher energy mode is mainly
found in air (87%). For comparison the modes shown around 3× 1015 Hz, which are much more
similar in terms of electric field distribution, have a much smaller bandgap.
The data shown in figure 5.7 was calculated using the FEM approach described in section 4.2.2.2,
which also enabled the electric field plots to be shown. The dotted line marks 10◦, as a guide for the
eye. The TE polarisation is also shown, which does not support SPPs, and so only the small bandgap
associated with waveguide modes is observed.
The free spectral range is now also increased because of the reduced thickness of the membrane.
This effect is further enhanced by the symmetry of the modes, where the lower energy mode from
each pair is anti-symmetric and therefore cannot couple to incident light at normal incidence [169].
This is because there is no overall electric dipole. At non-normal incidence angles the symmetry is
broken, permitting a small dipole moment, but the transmission is still reduced for small angles.
Percentage |E| in
Angular Frequency [Hz] Air SU-8 Gold
3.02× 1015 91.9% 7.3% 0.7%
2.96× 1015 79.7% 18.5% 1.8%
I 2.27× 1015 87.4% 12.3% 0.3%
I 2.11× 1015 36.1% 61.8% 2.1%
Table 5.1: The distribution of electric field for the four TM modes at k = 0 shown on figure 5.7.
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Figure 5.8: a) The RCWA simulated angularly resolved TM transmission spectrum, and b) the
measured equivalent, for the same device as shown in figure 5.7. Reproduced, with permission, from
[3].
5.4.2 Fabrication
In order to fabricate a device which couples into the SPP mode, and not a hybrid SPP-waveguide
mode, the dielectric layer must be thin enough that the decay length of the SPP mode is comparable
to the thickness of the dielectric layer. This led to the requirement of fabricating a membrane with a
roughly 200 nm thick dielectric layer, with a high duty cycle gold grating on top. Fabricating such a
layer using the SU-8 resist method was found to have a very low yield, because the thin membrane
was so weak that it could not be reliably manipulated. Instead, the standard fabrication procedure
described in section 3 was used with the ZEP resist. Using a positive tone resist, instead of a negative
one, allowed the fabrication of nanoslits in an otherwise continuous gold layer. The additional
gold covering the membrane added a small amount of structural rigidity, enough to increase the
fabrication yield, but without reducing the flexibility. The geometric parameters used for the rest
of this chapter are a 260 nm thick SU-8 membrane, with 40 nm thick gold perforated by nanoslits
150 nm wide, with a periodicity of 600 nm. The yield with the continuous gold layer was nearly
100%.
5.4.3 Free Space Measurement
The membrane was measured in a free space configuration first, to assess the agreement between
the model and the fabricated membrane. The measurement apparatus used was the laser-based
scheme described in section 4.1.1.2. Figure 5.8a) shows the RCWA simulated transmission spectrum
as a function of angle. It can be seen to readily agree with the bandstructure predicted in figure
5.7, including the lack of coupling for the lowest energy mode at normal incidence due to the
symmetry argument already stated. Figure 5.8b) shows the equivalent spectrum for a fabricated free
standing membrane. The agreement is very good, although at wavelengths higher than 900 nm the
spectrometer efficiency started to fall.
5.4.4 Photonic Crystal Fibre Mounting
To demonstrate the true potential of the plasmonic membrane platform for LoF, the hollow core
photonic crystal fibre (HCPhCF) was chosen as a host fibre. HCPhCFs are impossible to incorporate
into LoF devices which use direct writing fabrication because there is not a physical area to deposit
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Figure 5.9: a) The fibre assembly, showing the PDMS collar. b) A microscope image of a gold
nanostructured SU-8 membrane coating the end of a HCPhCF. c) An SEM image of the light guiding
section of the HCPhCF. d) An SEM image of the nanoslit grating used for the LoF angularly robust
filtering. Reproduced, with permission, from [3].
on, or pattern. Integrating LoF onto HCPhCFs extends the available toolkit of options available to
future devices.
The polarising transmission filter was designed and built to have a passband of 50 nm, centred
around a wavelength of 800 nm, and the fabrication parameters given in this section were chosen
to achieve this. This wavelength was chosen to filter the output of a HCPhCF from NKT Photonics
(HC-800-02). The SPP resonance generated was flat to around 10◦, which corresponds to a fibre NA
of 0.17, the same as that of the fibre.
5.4.4.1 Fibre Mount Assembly
In order to demonstrate the membrane in an on-facet configuration, a small assembly was used to
place the membrane on the fibre and keep it there. This is shown in figure 5.9a), with each part
labelled.
First the fibre was mounted into the ceramic ferule. This was done by stripping the plastic casing
of the fibre in methanol and passing the stripped core through the ferrule. The fibre was then cleaved,
and drawn back through the ferrule until it was just slightly protruding. Using a microscope to
observe the fibre, it was then further withdrawn until it was approximately flush with the ferrule.
The fibre was then glued in place to the ferrule. The collar shown in figure 5.9a) was made from
PDMS, using a Sylgard 184 silicone elastomer kit. The PDMS was cured with an unused ceramic
ferule held in place through the material. Once the PDMS was fully cured, the ferrule was removed,
leaving the correct space for the ferrule containing the fibre to be inserted. The PDMS was cut to size
using scissors, to make it slightly larger than the membrane, so that the collar would support the
membrane on the ferrule.
The membrane was mounted in a small polystyrene frame, just larger than the membrane, by
the hydrophobic suspension method. The mounted membrane was then lowered onto the collar
and positioned by a micro-positioning block, so that the patterned area of membrane was over the
hole of the HCPhCF facet. Figure 5.9b) shows a microscope image of a membrane placed onto the
HCPhCF, which illustrates the benefit of using a flexible membrane. It should be noted that the
thin membrane which was used for filtering was gold coated everywhere. The gold obscured the
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Figure 5.10: Filtered transmission directly from the facet of a HCPhCF. The dotted lines show the
RCWA simulation, which has been averaged over the first 10 degrees, to match the NA of the fibre.
Reproduced, with permission, from [3].
underlying fibre, so this image shows a 1.3 µm thick membrane without gold covering apart from an
elongated gold grating, for clarity.
The fibre was cleaved using a Fujikura CT-30A fibre cleaver, using the tension and defect method.
In figure 5.9b) the remnant of the introduced defect can still be seen at the bottom left, but the
membrane can still coat very closely the surface of the facet. The coloured fringes which can be
seen are due to the Newton rings effect where the membrane is not making perfect contact, possibly
due to an imperfect cleave on the other side from the defect, but this does not affect the crucial
area where the light is guided. Figure 5.9c) shows an SEM image of the fibre core, highlighting the
difficulty of fabricating something onto this textured surface, while figure 5.9d) shows the nanoslit
grating fabricated.
Once the membrane had been mounted onto the fibre, the filtering could be observed directly
from the facet. A broadband halogen light source was passed through the fibre, and a New Focus
20× objective was used to collect the transmitted light. This objective had an NA of 0.44, so it could
capture all of the light emitted from the fibre. Figure 5.10 shows the transmission spectrum of the
HCPhCF’s filtered output normalised to the output of the fibre before the membrane was added.
The dashed line shows the same RCWA simulation previously shown in figure 5.8 but averaged over
the first 10◦, to account for the angular spread of the fibre’s output. Excellent agreement can be seen.
5.4.4.2 Polarisation Control
The filter also shows the ability to polarise the output from the facet, as can be seen, the TE
polarisation is mainly blocked. The small dip at 760 nm is due to the very small bandgap shown on
the bandstructure diagram with the red open circles on figure 5.7. The dip at 690 nm and the shoulder
at 850 nm are artifacts in the RCWA averaging, because they show how far the TE waveguide modes
shift spectrally after 10◦, but in reality the fibre output will roll off more slowly at the edge of the
beam, which is why they do not appear in the measured spectrum. The roughly 20% background
transmission for the TE modes could be reduced by using thicker gold, although at the expense of
larger losses for the TM modes.
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It should also be noted that because the TM and TE resonances are produced by different effects
(SPP and waveguide mode respectively), they can be tuned almost independently. Changing the
thickness of the membrane can control the relative spectral position of the resonances as this has only
a small effect on the TM polarisation, but a much larger effect on the TE. The limit on the tuning is
fixed by the generation of the angular robustness producing bandgap, which reduces in effect for
thicker membranes.
The same membrane filter can be mounted, unmounted and then remounted, without any
discernible loss of filtering effect. Membranes tested in this was did not change after mounting on
the fibre in excess of ten times. If it was desired that the membrane be left permanently attached
then it could be glued to the collar. The collar was required to ensure that the size of fabricated
membrane could effectively wrap over the top of the fibre. The size of the complete assembly was
about 20 mm across. The membrane, and the assembly, could be make smaller, although it is then
more difficult to handle.
5.5 Discussion
The use of flexible plasmonic membranes for LoF filtering has been demonstrated in two configura-
tions: collimator mounted, and the improved facet mounted. The latter improves on some of the
features the former, such as better polarisation control, and crucially achieving angular robustness
which covers the NA of many types of fibre.
There is, however, a trade off between angular robustness and bandwidth. In many cases it is
desirable to have a small bandwidth, which is not achievable with the losses that the angularly
robust SPP-based method incurs. An alternative could be to use a GRIN lens. These can be designed
to fit inside the ferrule, and provide a collimated output, but at the expense of additional complexity.
GRIN lenses have already been used in this way to improve the fibre-based endoscopic imaging
[170].
Endoscopy is an exciting area for LoF, which structured facets being used for spectrally-encoded
imaging [141]. This is where broadband light diffracts through a grating, and each wavelength
illuminates a different angle. An image can be built up by measuring the reflection of each wavelength,
and correlating it to a position. Using removable plasmonic membranes has the potential to provide a
range of different LoF endings to an endoscope, permitting filtering, sensing, or imaging depending
on the situation that arises. The filters demonstrated here would most naturally be integrated into a
pump-probe type of experiment, for example where fluorescent probes could be imaged.
HCPhCFs open up new ways to integrate LoF into new sensing modalities. Using the ability to
pass fluids through the light-guiding holes enables very long interaction lengths between the guided
light, and the introduced material. One specific example which has been demonstrated is SERS,
where the inside of the HCPhCF is coated with gold nanoparticles [171], [172]. Reducing the reliance
on bulky microscopes and expensive, high NA objective would result in a cheaper, more portable,
and easier to use system. Again filters, such as those demonstrated here, could provide the necessary
screening of the probe light.
Finally, flexible plasmonic membranes are a platform for LoF, and so are not restricted to filtering.
Specifically, the many devices from the class of metasurfaces could be implemented in this way.
Optomechanical systems could find applications, by vibrating the ultrathin membrane via radiation
pressure, or combined with HCPhCF to include fluid pressure also. Beamshaping is another area
where the metasurface philosophy could be applied to LoF. Free standing patterned metasurfaces
have shown the possibility of focusing light [73], or more generally to manipulate the phase into
new eigenmodes [173], [174]. Optical trapping, or device coupling could be improved by generating
eigenmodes directly from the fibre facet.
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In conclusion, this work has broadened the application of LoF to include a reversible way to bring
nanoplasmonic functions to almost any fibre. The HCPhCF used here is one example from the class
of PhCFs, which can now be used for LoF experiments.
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Chapter 6
Flexible Plasmonic Membranes for Surface
Enhanced Raman Spectroscopy
Surface enhanced Raman spectroscopy is an ideal tool for label-free analysis of chemical compounds,
including biological materials. This chapter first extends the reproducibility of SERS by introducing a
lithographically defined substrate which demonstrates a multi-component analysis of physiologically
relevant molecules, on in rigid glass package. The three chemicals chosen are typical components
within cells, and one of them is a potential cancer indicator when found in high concentrations. As
described in section 6.2, reproducibility is a major issue for SERS. The reliability and repeatability
this substrate demonstrates is an important step towards SERS becoming a tool for clinical diagnosis,
beyond use in research laboratories.
Subsequently, this strategy is transferred to a flexible membrane, where the same repeatability is
shown, despite the bending of the membrane during and after fabrication. The flexible substrate is
1 µm thick, and is able to conform to the surface of a host object. Once the membrane was applied,
the sample could have its SERS spectrum measured point-by-point, so as to build up a chemical map.
These two methodologies cover the two scenarios which can be distinguished when considering
SERS experiments, that of applying the sample to the substrate, as would be in the case of cell
extracts, or applying a substrate to the sample, which enables observation of ongoing processes.
6.1 Introduction
The inelastic scattering of light, which is now called Raman scattering, was observed and described
in the 1920s as many scientists were trying to understand the consequences of Einstein’s hypothesis
that light was quantised. Indian physicist C. V. Raman and, at the same time although reported
later, Russian physicists G. S. Landsberg and L. I. Mandelstam observed a new line spectrum in
the scattering of light in liquids, solids and gasses [175], [176]. The scattering process now bears
Raman’s name, and in 1930 he was awarded the Nobel prize for this discovery. Since then it has
gained popularity because it is label-free, non-destructive, and requires only very small sample sizes.
It can produce unambiguous detection of unknown molecules in a material, because it returns a
fingerprint-like spectrum.
In the original experiments used to collect Raman spectra, the collection time could exceed 100
hours for the acquisition of a single spectrum [176], this is because the scattering events are very
infrequent. SERS improves the signal size by many orders of magnitude. This was discovered in
1974, when it was shown that pyridine molecules adsorbed onto a roughened silver electrode had
a hugely enhanced Raman scattering cross section [177]. SERS has increased the potential use of
Raman-based techniques, but has yet to become a major tool beyond the research laboratory.
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Figure 6.1: a) A schematic of the energy levels in a Raman scattering process undergoing a Stokes
shift. b) The fingerprint region of the Raman scattering of ethanol.
This section gives an overview, first of Raman spectroscopy, then at the surface enhancement of
SERS, before turning to the use of flexible materials in SERS.
6.1.1 Raman Spectroscopy
Raman spectroscopy is an inelastic scattering process, which results in light returning from a
scattering event with a measurably different frequency. This process is shown in figure 6.1a). First,
the molecule is excited by a photon to some virtual state, before relaxing to the ground state, or any
one of its vibrational states. When the latter occurs, the incident photon is re-emitted with its energy
changed by an amount equal to the difference in energy state of the molecule.
Since it is thermodynamically likely that most molecules are in their ground state to begin with,
most photons that Raman scatter loose energy to excite the molecule, and so return with longer
wavelengths. This is called a Stokes shift. The reverse, anti-Stokes, where a vibrationally excited state
is returned to the ground state by Raman scattering can also be observed, but it is thermodynamically
unlikely and is not considered here. It is worth noting that this process differs from IR spectroscopy,
where incident light is absorbed if it has an energy equal to the transition energy between two
vibrational states, but rather can excite a transient virtual mode which decays into a vibrational
mode. Additionally, the selection rules which define which transitions are allowed are different for
Raman and IR absorption, so the two are considered complementary techniques.
The Raman scattering results in a very weak signal since only a very small number of photons
scatter inelastically. The Raman signal which is collected gives valuable information about the
vibrational modes of the molecule, which can act as a fingerprint. Figure 6.1b) shows the unprocessed
Raman fingerprint for ethanol, which was used as a calibration to assess the performance of the
microscope system built in St Andrews. Table 6.1 shows the association between each peak and the
Band [cm−1] Assignment Bond structure
886 C-C stretch
C C OH
H
H H
H
H
1056 C-O stretch
1116 CH3 rock
1280 CH2 torsion
1456 CH3 and CH2 bend
1486 CH3 bend
Table 6.1: The Raman band assignment of ethanol [178], [179].
64
6.1. Introduction
corresponding vibrational mode. Given an unknown spectrum, it is possible to work back from the
fingerprint spectrum to find which molecule is under study, although band assignments do shift
slightly depending on their environment within the molecule.
6.1.2 Units
The conventional units used for Raman spectroscopy are called wavenumbers, with units of reciprocal
centimetres. The choice of inverse length as the unit dimension is because for photons this quantity
is proportional to energy. The specific wavelengths collected from a Raman scattering experiment
will depend on the excitation wavelength of the laser used, but the energy shift of the molecules will
be the same. Expressing the Raman shift in cm−1 then allows comparison between different systems
using different excitation wavelengths.
The specific formula used to convert wavelength acquired spectra to wavenumbers (∆w)
∆w =
(
1
λ0
− 1
λ1
)
where λ0 is the excitation wavelength, and λ1 is the scattered wavelength. In these units the
fingerprint region 500 cm−1 to 2000 cm−1, which for an excitation wavelength of 532 nm corresponds
to 547 nm to 595 nm
6.1.3 Raman Signal Strength and SERS Enhancement
The signal due to Raman scattering, as only 1 in 106 to 108 photons scatter inelastically. Raman
scattering is a spontaneous, rather than stimulated effect, so the scattering power, SR, will vary
linearly with the intensity of light, and is found to vary thus:
SR(λRaman) ∝ NσR I(λex) (6.1)
where N is the number of molecules in the probed volume, σR is the Raman cross section of the
molecule, and I is the intensity of the excitation laser, dependent on λex, the wavelength of the
excitation laser. λRaman is the wavelength of the Raman scattered light.
Given that there is a maximum excitation power which any particular molecule can withstand
before degradation, this formula shows that there are two ways which can increase the power of
the signal, either to increase N, or increase the Raman cross section. Controlling N is a function of
the delivery mechanism used, and the concentration of the analyte, which are often fixed by the
experiment and cannot be easily changed. The Raman cross section can be found theoretically from a
quantum mechanical model describing the creation of a phonon and reduced energy photon from an
incoming photon [180], [181]. This treatment shows that the scattering cross section is proportional
to a product of four factors, a wavelength dependent factor (1/λ)4, a thermodynamic Boltzmann
factor describing the probability of a molecule being in a certain state f (T), a local electric field
factor L, and a series of matrix elements describing the quantum mechanical overlaps between a
Hamiltonian, the initial states, and possible end states, R(λex,λRaman):
σR =
(
1
λ
)4
× f (T)× L× R(λex,λRaman) (6.2)
The origin of the surface effect which enhances Raman spectroscopy can be found in this equation.
It should be noted that there is some debate within the SERS community of the precise origin of this
enhancement. The two major positions are a chemical theory and an EM theory. The former is mainly
concerned with the effect on the states in the matrix elements which are affected by electrochemical
bonding to the surface of a metal. The latter is concerned with the local electric field enhancement
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factor. Recent theoretical work trying to distinguish the two effects has shown that the chemical
effect has a role in changing the relative intensities of the peaks, while the EM effect is dominant in
increasing the signal [182]. Some studies have suggested that the maximum value for any chemical
enhancement is of the order of 100 [183]. The conclusion of an older review article is that “it seems
more correct to think of the chemical effects as changing the nature and identity of the adsorbate
while the EM effect actually produces the enhancement” [184]. This is the view taken in this thesis.
The form of the local field factor is:
L = |E(λex)|2|E(λRaman)|2 (6.3)
where the electric fields are evaluated at the location of the scattering molecule. L is a potentially
very large contribution to the total signal. To a first approximation, if the Raman shift is small
(λRaman ≈ λex), and the structure is such that the resonance is spectrally broad, it can be seen that
the electric field effect goes as a fourth power. Given the strong resonances in electric field which the
previous chapter has shown nanophotonics can engender, this can be an extremely large effect.
The SERS enhancement factor, G, which is often quoted as a figure of merit for SERS measure-
ments, can be defined similarly to equation 2.7:
G = EF(λex)× EF(λRaman) = |Estruct(λex)|
2|Estruct(λRaman)|2
|Ei(λex)|2|Ei(λRaman)|2 (6.4)
G describes the factor by which the signal is larger for a SERS measurement, compared to the
equivalent Raman measurement without metallic enhancement. The separation of the electric field
into two terms comes from the fact that there are two enhancement processes taking place, firstly the
electric field resonances which can excite the molecule, and a second effect where the substrate can
act as an antenna to couple the near field more efficiently to the far field where it can be measured
[18]. This effect is very similar to that of metal enhanced fluorescence [185], however observing
both simultaneously is rare because the local field enhancements used for SERS usually quenches
the fluorescence [186]. Other effects, such as selection rules, and the angular dependence of SERS
also play a role [187], but these are beyond the scope of this work. For large molecules with little
symmetry these effects play a small role. SERS enhancement factors are typically around 1× 104 to
1× 108 [188], however much higher values have been reported, up to 1× 1015 [189], where SERS is
claimed to be observed from single molecules.
6.2 Reproducibility of SERS Substrates
Reproducibility is a major issue in the acquisition of SERS spectra. The largest field enhancements
can be generated by having the smallest possible gaps between metallic structures. These “hotspots”
have very large electric fields, and so enormously amplify the Raman signal. The easiest way to
produce such a structure is to use metal nanoparticles, or nanocolloids, which are often encouraged
to come together by using aggregating agents to increase the enhancement. However, aggregating
agents themselves have been shown to be a source of variability [190]. Additionally, it has been
shown that nanocolloidal-based SERS substrates can physically change over a period of months
[191].
The largest source of variability is due to the random distribution and size of hotspots. A
schematic of this is shown in figure 6.2, where a nanocolloidal distribution is visually compared to a
regular pattern, such as can be fabricated lithographically.
In fact, it has been shown that only a very small number of molecules contribute to the signal,
but by being optimally positioned their contribution to the signal can be very large. By measuring
the Raman signal on a regular array of silver nanoparticles, before using a high-power laser to
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a) b)
Figure 6.2: A visual comparison of a) the metal nanocolloid method and b) a regular lithographically
defined fishnet pattern.
progressively burn out molecules at high-field enhancement site, a group at the University of Illinois
at Urbana-Champaign was able to determine the distribution of molecules which contributed to the
signal [192]. They found that while 61% of the molecules were in locations where the local Raman
enhancement was less than 105, only 4% of the signal was from these molecules. The 0.0063% of
molecules in regions with local Raman enhancement of more than 109 produced 24% of the signal.
Reproducibility is crucially important because if the signal contains some inherent variability due
to the substrate, then changes in the sample can be obscured. This reduces the information that can
be extracted from the sample being measured, especially if it contains more than one Raman active
material.
Aside from nanocolloidal solutions, a number of SERS substrates exist, with varying degrees of
reproducibility. Many studies defines their figure of merit for reproducibility to be the standard
deviation in number of counts detected for one specific peak in different locations of the sample. The
relative standard deviation (RSD) can also be used to compare peak variability, defined as the ratio
of the standard deviation of the peak values to their mean. An alternative method is to consider the
variability in the whole spectrum, however this is less commonly done. Additionally, many reports
of SERS substrates focus on the value of enhancement factor which is given, and do not give any
details on reproducibility.
Self-assembly methods are capable of creating reproducible substrates. Using a nucleated
electrodeposition method to create silver “flower-shaped” structures, one study claimed a 15%
standard deviation in the signal strength of a single peak with an RSD of 28% [193]. The other
major self-assembly method is using metal film over nanospheres, where beads are arranged closely
packed, and a metal is deposited on top. This has lead to a peak RSD of 7% – 9% [194].
However, lithographically defined substrates are becoming more common, with Klarite being
the commercially successful standard from Renishaw PLC. This consists of a silicon wafer which
has been etched to leave a regular array of square based pyramids, with a periodicity of 1 µm, and
covered in gold. One study found that drop casting an analyte onto Klarite, a commercially available
substrate, resulted in an RSD of around 30%, however this figure could be improved to 10% by
treating the surface of Klarite with a monolayer to provide uniform binding across the substrate
[195]. This result suggests that uniform delivery to the substrate is a major issue. A substrate which
consists of the same structure as Klarite, but with the pyramids etched into the silicon instead, also
confirmed that using a monolayer a 10% variability between spectra was achievable [196]. The
smallest RSD reported is for a nanogap substrate fabricated with deep-UV photolithography, which
claims an RSD of 3% measuring glucose [194].
It is clear that a substrate which can produce reproducible SERS spectra, without having a
complicated delivery mechanism, would be extremely desirable.
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Figure 6.3: A sketch of the motivation for this chapter: a reproducible and efficient SERS substrate
which can conform to a host object.
6.2.1 Use of Flexible Membranes in Surface Enhanced Raman Spectroscopy
Flexible substrates for SERS are beginning to come into use. Early examples were structures
fabricated onto PDMS blocks or on aluminium foil, but they did not demonstrate the utility of the
novel substrate [197]–[200], other than stating using materials cheaper than glass or silicon is a
step forward in terms of disposable substrates for clinical applications. Some other interesting use
cases for flexibility are being shown. Integrating SERS substrates into the flexible materials used
for microfluidics is important for simplifying and controlling the delivery of molecules for SERS
experiments [201]. One example is the ability to fabricate a nanotube/nanoparticle based substrate
separately from a microfluidic clip, and by integrating the two afterwards very high enhancements
were seen [202]. Sandpaper coated in silver has been used as an easy and cheap way to create a SERS
substrate, both flexible and robust enough to swab and detect pesticides directly from fruit [203].
The other main use case, is the tunability aspect that comes from using an elastic substrate. This
has been used to tune the plasmonic resonance of a substrate so that different excitation lasers can
be used with the same SERS surface [204], [205]. Additionally, this has allowed researchers to tune
the plasmonic response of a nanostructure, in order to change the spectral location of the resonance,
which allowed them to verify equation 6.3 [40].
6.2.2 Motivation
The motivation for developing a SERS substrate in this thesis is twofold. Firstly, to lithographically
define a reproducible SERS substrate, and to demonstrate the reliability of such a substrate in a
clinically relevant experiment. The fabricated structures demonstrate the capability to measure multi-
component mixtures of physiologically relevant bio-molecules, including one cancer bio-marker.
Secondly, to create a SERS substrate which can be flexible, and able to conform to a host object.
This latter application will extend SERS to new areas. Figure 6.3 shows a schematic where a
conformable SERS substrate would be of particular utility. The long working distance microscope
objective shown is able to scan point-by-point the geometrically curved object, and collect a Raman
spectrum in each location. This could take place on any object, which typically might not be a
convenient shape. In general, biological samples are not rigid and planar, so this is an important
requirement for broadening the scope of SERS substrates. Additionally, the possibility to create a
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Figure 6.4: The design of the substrate fabricated: a) SEM image demonstrating uniformity over
several 10s of microns; b) SEM image of the pad, showing triangular alignment marks; c) A
photograph of the whole substrate, the patterned areas are visible by their diffraction; d) A plan of
the substrate.
flexible and reproducible substrate could allow the integration of reliable substrates into microfluidic
devices.
6.2.3 Pattern and Fabrication
The design of the substrate is shown in figure 6.4. The fishnet pattern in a) consists of two gratings
crossed at 90◦. The optimisation of the pattern is described in section 6.2.5.2, but the periodicity is
400 nm, with a wire width of 90 nm. The thickness of the gold used was 40 nm. At variance with
nanocolloids, the use of a lithographically defined substrate allows the field enhancement to be
distributed over a larger area more evenly, and it can be seen that the pattern is highly uniform over
10s of micrometres.
Each fishnet section was 200 µm by 200 µm, and had two triangular alignment marks. These
marks, which are visible in figure 6.4b), were written so that the user could pipette the analyte onto
the correct place, and to facilitate easier location of the relevant area under the Raman microscope.
Figure 6.4c) shows a picture of the completed sample, with diffraction from the patterned areas
visible. Nine pads were patterned on each substrate, in a 3 by 3 grid, with 7 mm spacing. The scheme
is shown in figure 6.4d).
The fabrication for the rigid samples proceed with the same etch-back approach as detailed in
chapter 3, however without the release and membrane layers, so that the complete structure was
just patterned gold on glass. Borosilicate glass coverslips from Agar Scientific where used for the
substrate, so that the illumination could come from the substrate side. The No. 0 size was used,
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Raman peak Band assignment Bond structure
[cm−1]
613 in plane and out plane XR deformations
775 out plane C-H bend; in plane XR deformation
1184 in plane XR deformation; C-H bend; N-H bend
1312 in plane XR breathe N-H bend; CH2 wag
1364 XR stretch; in plane C-H bend
1512 XR stretch; C-N stretch; C-H bend; N-H bend
1577 XR stretch; in plane N-H bend
1651 XR stretch; in plane C-H bend
Table 6.2: The band assignment for the molecule Rd6G [209]. XR stands for Xanthene ring, which is
the central structure of three aromatic rings, the middle of which has had a carbon swapped for an
oxygen.
which were between 80 µm to 100 µm thick.
6.2.4 Sample Preparation
The size of the Raman signal is proportional to the number of molecules excited, so even if a perfectly
repeatable sensor can be made the preparation of the sample is still essential to the results. In
the experiments shown in this chapter an auto-pipette was used to release a drop of 2 µl of the
analyte onto the fishnet pad. This was a sufficient volume to completely cover the pad, as well as the
alignment marks, leaving a hemispherical drop mainly on the surface of the glass. It was important
that the fishnet pad was in the centre of the drop. The analyte was then allowed to bind to the
substrate for at least 1 h at room temperature before Raman acquisition.
The reason this drop-casting method works reliably on this substrate is because the 40 nm
thickness of the gold does not effect the drying process. Unlike Klarite, or self-assembly methods
using spheres to create undulations, the substrate here is almost completely flat. As the solvent
evaporates the solute is deposited onto the sample, and the droplet changes shape. When water is
used as the solvent on a hydrophilic substrate, the edge of the droplet becomes pinned to its initial
position, so the droplet reduces in height but not in diameter [206]. This leaves more solute at the
pinned region, in a non-uniform ring around the pad, but the area in the middle of the drop, over the
pad, is uniform [207]. This effect has been used in reverse with super-hydrophobic substrates, where
pinning does not occur, to deliver all the solute to a very small area at the centre [208], however this
is not desirable in the case of uniformity.
Rhodamine 6G (Rd6G) was the analyte used for initially assessing the performance of the
substrates. This is because it has a large Raman cross section, and is readily dissolved in a number of
different solvents, principally ethanol and water which are both polar and so experience the pinning
effect on glass, as described. The chemical structure and major Raman peaks of Rd6G are shown in
table 6.2.
6.2.5 Design of the Plasmonic Response
A fishnet design was chosen as the pattern for the lithography step. This was selected because it is
the simplest design which is polarisation independent, because of its 4-fold rotational symmetry.
Polarisation independence is important because otherwise 50% of the excitation light would not
participate in the SERS enhancement. Being the simplest design was also important, because it is this
feature which maximised the chance that the same pattern could be uniformly written over large
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areas. In practise, nine 200 µm by 200 µm fishnet pads could be patterned in the electron beam in
under an hour, but the alignment marks more than doubled this.
The next two sections detail how the geometric parameters were optimised. First, the statistical
method used to identify and quantify the size of the Raman peaks is detailed. Second, this technique
is applied to assess the signal-to-noise (SNR) obtained from different structures, in order to determine
the optimal geometry.
6.2.5.1 Data Analysis: Continuous Wavelet Transform
In order to assess the efficiency of the substrates used, statistical methods were employed so that
comparisons could be made between spectra. Typically Raman peaks appear over a fluorescence
background, either from the Raman active molecules themselves, or from substrate materials. A
standard approach is to perform some kind of baseline correction, which can correct for a varying
background. This approach works best when the shape of the fluorescence background is roughly
known, and similar between measurements, such as on the rigid substrate initially demonstrated.
However, this approach is less effective with the flexible SERS substrate shown later in the chapter,
because in general the material properties of the object to which the substrate is to be applied will
not be known in advance.
Methods which do not require baseline correction focus on applying a statistical technique which
identifies the peaks, while ignoring any background. First and second order derivatives of the
spectrum have been used, because Raman peaks are very sharp, and so have large gradients and
curvatures which derivatives can identify [210], [211]. These methods have the disadvantage that
they often require smoothing, and sometimes can manipulate the peaks erroneously, such as moving
them relative to each other if their shapes are different.
The method used here is the continuous wavelet transform (CWT), and is a standard technique
used to pick out patterns in time varying signals, such as analysing epileptic episodes in electrical
potentials in the brain [212]. Increasingly, it is also being used to identify Raman peaks [213], [214].
The CWT is a type of convolution, defined here:
C(a, b) =
1√
a
∫ ∞
−∞
x(t)ψ∗
(
t− b
a
)
dt
where x(t) is the signal, b is the convolution parameter, a is a scale parameter and ψ∗ is the complex
conjugate of a wavelet function. The function returned, C(a, b), can be thought of as an overlap
integral parametrised with two variables. One designates the location along the spectrum of the
wavelet, and the other scales the width of the wavelet. In this way the CWT can be used to identify
both where, and what size (spectral width) a peak is.
The wavelet used here is the “Mexican hat wavelet”, shown in figure 6.5, and mathematically
described here:
ψ(t) =
(
2√
3
pi−1/4
)(
1− t2
)
e−t
2/2
This is a localised, Gaussian-like, peak which is likely to correlate well with a Raman peak. The
negative side-bands ensure that the integral will be zero where applied to regions which are flat or
slowly varying, such as the fluorescence background. The line-shape of each peak is a combination
of many factors, including inhomogeneous and homogeneous broadening of the scattering events
[215], which lead to Gaussian and Lorentzian distributions respectively, and when both are present a
Voigt profile occurs. The bandwidth of the laser source has a further effect on the width of the peaks.
For Rd6G the measured peaks had a full width half maximum (FWHM) of less than six pixels on
the detector, so the difference between these line-shapes at this resolution is very small, and so the
Mexican hat wavelet was chosen for simplicity.
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Figure 6.5: The Mexican hat wavelet.
The biggest advantage of this technique is its simplicity, as it requires no smoothing, fitting, or
human choice. The technique is linear, so that multiple spectra superimposed, such as in multi-
component mixtures, result in superimposed CWT spectra. It also means that the relative sizing
of peaks in the real spectra are preserved in the CWT spectra. Computationally the technique can
be very efficient. In this thesis the command cwtft in the MATLAB environment is used, which
breaks the CWT into a product of Fast Fourier Transforms. Speed is important, because this can be
performed in real time with very low processing requirements.
6.2.5.2 Optimisation of Fishnet Parameters
Although the CWT is typically used to determine both the spectral position and width, here it is
used to determine the size of the peak. The widths of the Rd6G peaks were found to be roughly
16 cm−1, so a scale parameter corresponding to this width was used when analysing the data, so that
the output of the CWT was a function only of the spectra location. The magnitude of the CWT at
each location is then the size of a peak at each spectral location, which will be large when there is a
peak present, or zero when there is not. An example of the effect of the CWT is shown in figure 6.6,
with a) being the raw Raman spectra, and b) being the CWT spectra of the same data. It can be seen
that despite different backgrounds in figure 6.6a), the CWT spectrum is very closely overlapping,
although with different peak sizes.
Each of the spectra in figure 6.6a) corresponds to a different geometry of fishnet. Five different
fishnet periods were fabricated, each with five different wire widths controlled by the dose of the
EBL step. Each pad was 100 µm by 100 µm, with 100 µm spacing between them. One pipette of 15 µl
of Rd6G, with a concentration of 10−8 M, was incubated on all the pads. The spectra were acquired
with a laser power of 100 µW and an integration time of 10 s. Each spectrum is the average of two
acquisitions.
Figure 6.6c) shows the size of the CWT spectrum amplitude for the Raman peak at 1651 cm−1.
This peak was chosen because it was the largest. The other peaks gave similar results, as figure 6.6
shows the dark blue curves are consistently smaller for all the peaks, while the orange curve can
be seen to be highest. It can be seen that although there is an optimum at a period of 400 nm with
a dose factor of 3.0, some shorter periods at lower doses have peaks almost as high. Figure 6.6d)
shows the noise of each CWT spectrum, which was defined to be the standard deviation of all the
data greater than 2000 cm−1, where it was known that there are no Raman peaks. It can be seen that
there is a general trend in the middle dose factors for higher noise levels at shorter fishnet periods.
So the fishnet with 400 nm periodicity and a dose factor of 3.0 was chosen, which corresponds to a
wire width of 90 nm.
Figure 6.7 shows the normal incidence transmission spectrum of the 400 nm period fishnet
with a wire width of 90 nm, along with the field profiles of light excitation at three wavelengths.
The plasmonic resonance which gives the largest overall signal is the one which maximises the
enhancement factor shown in equation 6.4. This equation is a product of both the local field
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Figure 6.6: Rd6G spectra on different geometry of fishnet. a) Raw spectra. b) CWT of raw spectra. c)
The size of the CWT amplitude of the 1651 cm−1 peak as a function of dose factor and fishnet period.
d) The standard deviation of the CWT spectrum for wavenumbers greater than 2000 cm−1
enhancement at the excitation wavelength and the Raman shifted wavelength, and the transmission
spectrum shown here has a resonance that covers the complete region from the excitation wavelength,
532 nm, to the end of the fingerprint region, 595 nm. The transmission spectrum shown here is for
normal incidence light, but the excitation used is highly focused onto the sample. RCWA simulations
show that larger incidence angles blue-shift the resonance for this structure, which accords with the
resonance centre having a longer wavelength than the middle of the fingerprint region. Having a
very broad resonance is useful in the context of SERS as the Raman scattering is enhanced across the
whole of the spectrum of interest, rather than just part of it, as a narrow resonance would.
6.2.5.3 Rhodamine 6G Nanoparticle Comparison
In order to demonstrate the reproducibility of the lithographically defined fishnet substrate, a
comparison was made with a standard solution of nanocolloidal silver, by collaborators in Naples.
These were made using the standard Lee-Meisel citrate method [216]. Rd6G was mixed with a
solution of roughly 50% silver nanocolloidal particles in deionised water, so that the total Rd6G
concentration was 10−8 M. A drop of this mixture was placed on a glass slide. At the same time
2 µl of Rd6G solution in deionised water, also at a concentration of 10−8 M was pipetted onto the
fishnet pattern. Both were left for an hour to enable the Rd6G to bind to the surface of the metals.
The integration time used was 1 s, and a 50 µW laser was used. 30 spectra were acquired from across
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Figure 6.7: The normal incidence transmission spectrum of the chosen fishnet structure, demonstrat-
ing the spectral position of the plasmonic resonance. The blue and green spectra are two orthogonal
polarisations. The three right panels show the the shape of the plasmonic resonance, at the locations
on the spectrum marked by the coloured labels.
both samples, using random locations each time to ensure a good sampling.
Figure 6.8 illustrates the comparison between these two methods. The top two panels show a
random sample of 8 of the 30 spectra taken, left showing the fishnet and right showing the silver
nanocolloids. The standard Raman bands can be clearly seen in both cases, with peaks defined in
table 6.2. The spectra have had a constant offset subtracted, and are scaled so that their maximum is
unity, but are otherwise raw data. It can be seen that, visually, the fishnet provides spectra that are
much more similar than the nanocolloids.
The two panels below the spectra allow a quantification of this effect. In each case the mean
spectrum of the 30 acquired spectra is calculated, and each individual spectrum is normalised to this.
Each normalised spectrum then represents the variation from the mean, and every data point can
be plotted in a histogram to give a feel for the spread of variation. Unity is subtracted from each
data point, so that zero would represent a data point perfectly identical to the mean. The fishnet
histogram shows a much tighter grouping, with a FWHM of the distribution of 13%. Comparatively,
the nanocolloids achieve a FWHM of 49%. Using longer integration times and higher powers was
found to reduce the FWHM further of the fishnet, but no significant effect was observed for the
nanocolloidal solution.
It is worth noting that the reproducibility of the fishnet substrate is far superior, but the enhance-
ment factor achieved is lower. This can be understood from the type of resonances excited, in the
case of the nanocolloidal solution this consists of randomly located and sized hotspots, but in the
case of the fishnet a more evenly distributed but smaller effect is produced. In fact, the signal to
SNR of the peak at 1364 cm−1 is 5 times better in the nanocolloidal solution, suggesting a SERS
enhancement factor 5 times higher. In this study the enhancement factor is not the primarily in view,
but there is room for improvement.
6.2.6 Physiologically Relevant Multi-component Mixtures
SERS as a technique has lacked significant uptake in the medical community. Reproducibility, and
the lack thereof, partly explains this, but significantly biological extracts are not usually made of
single materials, but mixtures. Here the improved reproducibility of the fishnet substrate is shown
to lead to the ability to determine the concentration of multi-component mixtures of physiologically
relevant materials.
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Figure 6.8: A statistical comparison between a fishnet based substrate (left panels) and silver
nanocolloids (right panels). It can be seen that the variability in the spectrum for the fishnet is lower
than than the nanocolloids, both visually and quantitatively. Reproduced with permission from ref.
[2]. Copyright 2014 American Chemical Society.
6.2.6.1 Glycerphosphoinositol, Inositol and Glycerol
Glycerophosphoinositol (GroPIns) was the major target of the study, because it is a normal component
of the intracellular fluid, but in large quantities some evidence has shown that it might be a significant
bio-marker indicating a pathological condition. GroPIns has been investigated in various cell lines,
and high levels have been linked with thyroid cancers [217], however the authors of this study
conclude stating “mechanistic studies of cellular roles for these glycerophosphoinositol species are hampered
by the difficulties in monitoring their cellular levels”.
Extraction of intracellular fluid results in small volumes of analyte, so many alternative label-free
measurement methods are rendered unsuitable. Mass spectroscopy is the technique which has, so far,
rendered the most information about the role of GroPIns in cells, but can only estimate an average
amount across a cell population [218]. The other major technique used is high performance liquid
chromatography, but this requires radio labelling [219]. Clearly, SERS could be a valuable tool to
gain insight into this compound because it is label-free, and requires only very small volumes to
analyse, giving cell specific information.
Table 6.3 shows the chemical structure and Raman band assignment of the GroPIns, as well as
two other chemicals. These are glycerol and inositol. Both these chemicals are found inside cells, and
both contain similarities in chemical structure to GroPIns, which are reflected in the large overlap in
Raman bands shown in the table. The ability to tell these chemicals apart and, crucially, determine
their relative concentration would be a big step forward in being able to being SERS based techniques
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Glycerol GroPIns Inositol Band assignment
[cm−1] [cm−1] [cm−1]
674 - - δ(CCO)+δ(OH) [220]
- 720 720 δ(CCO) [221]
821 815 - ν(CC) [220]
850 - - ν(CC) [220]
- 895 890 CH3 rock [222]
924 940 933 CH2 rock [220]
974 - - CH2 rock [220], [222]
- - 1005 ν(C-C-O)G [222]
1050 - - ν(C-OH) from C-1, C-3 [220], [223]
1071 1071 1071 τ(CH2) [223]
- 1080 - PO2− [224]
1109 - - ν(C-OH) from C-2 [223]
- 1120 1123 ν(C-C)T
1252 1283 1281 τ(CH2) [223]
1357 1376 1376 δ(COH) [223]
1464 1464 - δ(CH2)[223]
Table 6.3: Band component analysis of the SERS spectra of glycerol, inositol and glicerophosphoinos-
itol in the 400 cm−1 to 1800 cm−1 wavenumber region. Abbreviations: ν = stretch, τ= twist, δ = bend;
T = trans, G = gauche. Adapted with permission from ref. [2]. Copyright 2014 American Chemical
Society.
to a more clinical role.
6.2.6.2 Concentration Measurement of GroPIns
One method of measuring the concentration of a material is to measure the SNR of a specific peak.
Figure 6.9 shows how the SNR of the 1080 cm−1 peak varies with concentration for GroPIns, under
two different measurement conditions. For the purposes of this measurement, the SNR is defined as
the height of the peak, divided by the standard deviation of a part of the SERS spectrum where no
peaks are found, which here is the region between 1600 cm−1 and 1800 cm−1. The SERS spectrum
of GroPIns can be seen in the top panel of figure 6.10a). The top shows a calibration curve for
the concentration of GroPIns with a laser power of 50 µW and an integration time of 1 s, while the
bottom shows the same for a laser power of 80 µW and an integration time of 10 s A positive linear
relationship is found.
Additionally, figure 6.9 demonstrates the detection limit of the substrate, which is the smallest
concentration which can be measured. This is where the SNR becomes equal to unity, and the peak
is indistinguishable from the noise. The detection limit for the top panel is (69± 20)µM, while for
the bottom it is (218± 40) nM. In the context of GroPIns detection in cells, the latter is lower than the
normal minimum intracellular GroPIns concentration by two orders of magnitude [225]. Increasing
the laser power above this value does not improve the detection limit, as it can lead to damaging
GroPIns. The integration time was also not observed to improve this limit beyond 10 s.
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Figure 6.9: The relationship between SNR and concentration for GroPIns with the SERS substrate
described, at two powers and integration times. Reproduced with permission from ref. [2]. Copyright
2014 American Chemical Society.
6.2.6.3 Concentration Measurement of GroPIns Mixtures
Having demonstrated the use of the substrate with GroPIns, the substrate was shown to perform
similarly for the other two chemical components. Figure 6.10a) shows the SERS spectra of the three
chemicals. For each, 1 µl was applied to a different substrate in the standard way, at a concentration
of 100 µM in water. All the measurements in this section were performed at 80 µW and a 1 s
integration time, in order to demonstrate the rapid throughput this technique can achieve. Figure
6.10b) shows the SERS spectrum of a mixture of all three components mixed together, each at a
relative concentration of 33.3 µM so that the total concentration was 100 µM. This was chosen because
it is a physiologically relevant level for the mixture.
The bands highlighted with colour in table 6.3 are the three bands which should be most
independent from each other when the spectra are measured. They are shaded in the same colours
in figure 6.10a). Although these bands are chosen to have as small an overlap with each other as
possible, it can be seen that they are not completely isolated from each other, so using the same
SNR-based concentration detection method is not possible.
Instead, a partial least squares regression (PLS) regression model is used, using the statistics
toolbox in MATLAB. 16 samples were prepared, each with a different mixture of the three chemicals
such that the total concentration of biological material was 100 µM. One of these samples was the
equal thirds relative concentration, and the remaining were all the combinations of the chemicals
with relative concentration spacings of one quarter. All of the mixtures were measured on a different
fishnet pad, and 30 spectra were recorded for each. 480 spectra were recorded in total.
To validate the technique, the PLS model was built using 479 as a calibration. The model was
then used to predict the relative concentrations of the spectrum which was left out of the calibration
step. This procedure was repeated, leaving one spectrum out each time and using this to assess
the veracity of the technique. One simplification which was made to increase the accuracy of
the technique was the reduction of the calibration model to a two dimensional space. This could
be done because the total concentration of the three components of the mixture were held at a
constant value, c1 + c2 + c3 = 100 µM. That is to say that the PLS model built actually directly
predicted the coordinates of the ternary plot shown in figure 6.10c). These coordinated are defined
as x = c1 − (c2 + c3)/2 and y =
√
3(c2 − c3)/2.
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Figure 6.10: a) The SERS spectra of the three chemicals used. b) The SERS spectrum of a mixture
of equal amounts of the three chemicals. c) A ternary plot of different combinations of the three
chemicals. d)-f) Classification error distribution for each chemical, from c). Each spectrum in
this figure used: combined concentration of 100 µM; excitation power 80 µW; integration time 1 s.
Reproduced with permission from ref. [2]. Copyright 2014 American Chemical Society.
Each of the circles in figure 6.10c) represents one of the predicted concentration measurements.
Each colour shows the same concentration configuration, and can be seen to be clustered around the
relevant points. Each of the chemicals are named at a corner, with their values in the same colour
down one edge. To read the plot, pick a point and follow a line parallel to the opposite edge from
the chemical’s name until a number with the chemical’s colour is reached. For instance the black
dots are clustered around GroPIns 0.5, inositol 0.25 and glycerol 0.25.
The concentration error for each chemical component is shown in the histograms in figure 6.10d),
e) and f). These show the actual relative error between the predicted concentration and the real
concentration of the sample. The standard deviation for the GroPIns measurement error is 6%,
suggesting that this is the accuracy of this technique.
The combination of a substrate which can identify physiologically relevant compounds at
concentrations well below their intracellular levels, and is reproducible enough to ensure that
multi-component mixtures of very similar molecules are distinguishable in a quantifiable way is an
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important step forward to SERS. It should be noted that GroPIns has been used here as an example
of a little understood molecule which has a potentially large impact on human physiology, but
this method is general enough to encompass whole classes of biological SERS sensing. With an
integration time of 1 s, it is possible even to think of designing experiments which can watch the
chemical dynamics of cells in real time.
6.3 Flexible SERS substrate
Having shown the success of a lithographically defined SERS substrate for intracellular fluid
assessment, the desire was to transfer this design across to the flexible form factor developed
previously. The motivation for this comes from the ambition to move from measuring cell extracts,
to being able to take the SERS spectrum directly from biological systems themselves, including cells
in vitro or even in vivo.
A flexible material is essential for this, because SERS is highly dependent on making good contact
between the metallic nanostructure and the object of interest. It is unlikely that any biological
system of interest will be perfectly planar. Specifically, the long-term goal would be to “dress” a cell
with a flexible SERS membrane able to quantitatively analyse the chemical environment of the cell
membrane, and retrieve a spatially resolved map of the results.
First a membrane is shown in a free standing configuration, before showing a membrane mounted
onto a macroscopically curved surface, able to map the presence of a chemical placed there.
6.3.1 Fabrication
The standard method described in chapter 3 was used to create flexible SERS substrates, using an
SU-8 resist to define the same fishnet pattern as in the previous section. All the membranes described
here are 1 µm thick. This was thin enough to be highly flexible, but thick enough to be manipulated
with structural integrity.
SU-8 as a material host for SERS substrates benefits from being thin, because it absorbs the
532 nm excitation light used. Much of this absorbed light is then remitted as fluorescence, however
this was not observed to be a problem with SU-8 only 1 µm thick.
6.3.2 Modification of the Microscope
Oil immersion objectives are not practical for use with membrane samples, either free standing
or attached to another object. The oil can push against the membrane, which deforms it and can
make consistent and repeatable measurements very difficult. Having a long working distance in
air is desirable, because it makes mounting the sample easier, and a longer depth of field gives a
greater tolerance for focusing on a curved object. Specifically, using high NA objectives with working
distances significantly less than 1 mm makes destructive contact between the objective housing and
the membrane very likely, especially if the membrane is not flat.
Long working distance microscope objectives typically have a lower NA than even equivalents
with the same specified magnification. The major disadvantages of a lower NA is that the diffraction
limited spot size is larger, and the excitation of the Raman scattering is therefore less efficient.
Additionally, the collection efficiency of the Raman scattered light is much lower.
For a comparison, table 6.4 shows the three objectives used in this thesis, including the two long
working distance objectives from Mitutoyo. The oil immersion objective is the one used for the glass
substrates, and the other two are long working distance objectives for use with the membranes.
The “photons caught” column shows the fraction of Raman scattered light which the objective
would collect if the Raman scattered light is emitted uniformly across all solid angles. In practise,
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Objective NA working distance solid angle photons caught
Nikon oil immersion 100× 1.30 0.16 mm 3.0 24%
Mitutoyo 100× LWD 0.70 6 mm 1.8 14%
Mitutoyo 50× SLWD 0.42 20.5 mm 0.6 5%
Table 6.4: A comparison of the objectives used in this study.
Raman scattering emission is strongly modified by the gold structures, but this for the purposes of
comparison this is ignored.
A further trade-off is made with the selection of the NA. The depth of field is larger for smaller a
smaller NA. This increases the tolerance for focusing onto the sample, making it easier to maintain
focus on a curved object, however more fluorescence background is collected because the confocal
screening of light from away from the image plane is less effective.
One further modification to the Raman microscope was required when using the long working
distance objectives. The parfocal distance, the distance from the focusing place to the far side of the
objective’s housing, is larger for the Mitutoyos. A 3D printed spacer was created to hold the sample
at the correct distance above the objective, using a Lulzbot Taz 4 printer. Figure 6.11a) shows a free
standing membrane in the completed set-up.
6.3.3 Free Standing Membrane Rd6G Measurement
Initially, it was important to ascertain whether the fabrication procedure, particularly the detachment
step, when the membrane is removed from the silicon substrate, would degrade the performance
of the device. In order to do this a membrane was fabricated in a free standing configuration, and
a SERS spectrum was collected from it at a number of locations. The pattern used was the same
fishnet pattern as in the previous sections of this chapter, but a chequerboard arrangement was used,
interleaving patterned areas and unpatterned areas beside each other. Each box of the chequerboard
was 50 µm by 50 µm. This was so that spectra could be acquired in close proximity to each other,
some with the fishnet, and others without, to observe the surface enhancement effect.
The measurements in this subsection were taken with the 50× Mitutoyo objective, using an
integration time of 2 s, and a laser power of 400 µW. The longest working distance objective was
used to test the limit of the technique, and the laser power was increased to compensate for the lower
NA of the optical system. Rd6G was again used to test the substrate, with 10 µl at a concentration of
10−8 M in water applied to this membrane. The solution was allowed to naturally evaporate.
The electronically controlled stage was used to precisely move the sample in 5 µm steps across
the sample, so that the response of the membrane could be mapped. Before each spectrum was taken
a 3 s delay was provided so that the focus of the laser spot could be manually adjusted at each point.
Figure 6.11b) shows the spectra collected from this linescan. The inset shows the positions of the
spectra taken, with the coloured boxes being the patterned areas of the membrane. The spectra are
coloured to show the area from which they were collected. It can be seen that a longer integration
time and higher power can still give a comparable SNR with that of figure 6.8, where the 100× oil
immersion objective is used, despite the loss of performance from the smaller NA. The spectra have
had the same a constant offset subtracted and have been scaled to have their maximum set to unity,
for comparison. Spectra were also taken in the unpatterned 50 µm gap, but these did not have any
discernible peaks.
The two series of spectra were coloured separately to highlight the reproducibility of the mem-
brane. The reproducibility is very good, despite the fact that the membrane was not perfectly flat.
Within the separate areas marked as blue and orange the spectra are extremely consistent. The
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Figure 6.11: a)The long working distance objective assembly for measuring a free standing membrane.
b) Rd6G spectra from 18 locations on a membrane, collected in the locations shown by the crosses in
the inset. The two colours show the two different locations. c) The normalised spectra variability, as
calculated in figure 6.8, using a separate mean spectrum for the blue and orange series.
spectra variability shown in 6.11c) has been calculated in the same way as for the rigid substrate
in figure 6.8, but the spectra from the blue and orange areas have been normalised separately to
their own mean. In this way the spectra variability shown is the local variability. The shape of the
distribution is the same as for the rigid substrate. The FWHM is very similar, but a direct comparison
is very hard to make because the measurements are taken with different optics and measurement
parameters. The FWHM narrows for longer integration times and higher powers in both the rigid
and membrane cases. The measurements suggest that response of the flexible SERS membrane is
locally consistent, and still shows good reproducibility across longer distances, 50 µm apart. In fact,
the peak sizes and the SNR for both blue and orange series is identical, suggesting that it is is a
change in the fluorescence background which is the primary difference. Given the large depth of
field with the chosen microscope objective, a small change in focusing would have this effect.
The fabrication of the membrane, despite the bending and manipulation inherent in the fabrication
process, does not appear to have a significant effect on the nanostructure. This permits the possibility
to use the membrane for mapping, as comparisons can be made between different areas of the
membrane.
6.3.4 SERS Spectra of a Macroscopically Curved Material
In order to demonstrate that a flexible SERS substrate could conform to a macroscopically curved
object and map the chemical content of a landscape, a phantom was created which could be loaded
with a known chemical. The membrane could then be applied to the phantom, and the SERS
spectrum could be mapped point by point.
6.3.4.1 Fabrication of the Phantom
The phantom was designed to have a 1-D relief structure, consisting of a series of hills and valleys.
Rd6G could then be applied to the substrate, and the chemical would remain in the valleys. A line
scan of the structure would show that Rd6G peaks could be seen in some areas and not others.
Glass was used as the substrate because it is hydrophilic, and since many of the Rd6G solvents are
highly polar, the solution spreads evenly across the glass. Ethanol was found to disperse more easily
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b)a)
Figure 6.12: a) A phantom before development b) The developed sample with Rd6G and membrane
applied. The patterned section of the membrane is the green rectangular part indicated by the arrow.
and evenly across glass than water, so it was used as a solvent. It also had the advantage that it
evaporates much more quickly, so the experiments could proceed faster.
The hills were made with SU-8, using a photolithographic process. A contact mask was made out
of a UV opaque film, to define a series of SU-8 ridges on the glass. SU-8 2050 was spun on the glass
to a thickness of approximately 40 µm. The sample was baked for 23 min at 100 ◦C, although the
first 5 min were spent ramping up from 65 ◦C in order to prevent bubbles from forming. The longer
baking time than for the EBL described in chapter 3 required because the film was much thicker
and so the solvent took longer to evaporate. A cutting plotter, a Graphtec CE6000-40, was used to
programatically cut an array of rectangular holes into Rubylith from Ulano Corporation, a sticky UV
resistant film. Each hole was 500 µm wide and the holes were separated by 500 µm. This was then
peeled off from its backing and stuck directly on to a thick SU-8 film which was spun onto the glass,
as shown in figure 6.12a). With the mask applied, the SU-8 was exposed with UV light in a mask
aligner for 12 min. The unexposed SU-8 was removed by developing with EC solvent for 45 s, with a
weak ultrasonic bath used to agitate the system for 5 s. This left a series of SU-8 ridges on the glass
coverslip. A raised SU-8 ridge was also left around the edge of the coverslip so that the SERS active
molecules could not escape by running off the edge of the phantom.
Rd6G could then be applied to the phantom. A much higher concentration than the previous
experiments had to be used because the molecules were spread over a much larger area. Rd6G at a
concentration of 100 mM in ethanol was pippetted, and the hydrophilic nature of the glass, combined
with capillary action between the SU-8 ridges enabled the Rd6G solution to evenly distribute itself
across the phantom. However, once dried, the Rd6G left deposited on the phantom was not evenly
distributed. The circular inset in figure 6.12b) shows part of one of the raised SU-8 sections, with the
surrounding glass, on a part of the phantom undisturbed by the membrane. The pink colour is seen
to be more brightly visible immediately to the sides of the SU-8, indicating a higher concentration.
This is a common effect in microfluidic systems [226].
The SERS membrane was then applied to the wet phantom. After being transferred onto a
polystyrene surface by the hydrophobic suspension method and allowed to dry, the membrane could
be carefully pealed from the surface with tweezers. From there the membrane could slowly be
allowed to come into contact with one side of the phantom, and then was lowered down to cover
the ridges. Figure 6.12b) shows the mounted membrane on the phantom. The arrow points to the
patterned part of the membrane, which appears green in the photo. The membrane photographed
here did tear slightly upon removal of from the polystyrene tub, which occurs from time to time.
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Figure 6.13: a) The fluorescence counts spatially resolved along the linescan path. The pink shading is
a guide for the eye to highlight were the Rd6G is detected. b) The Raman spectra at two representative
locations along the linescan, around the wavenumber region of the Rd6G peak of interest. c) The
size of the peak of the Raman spectrum at each location, after processing with the CWT algorithm.
The error bars show the size of the variation of the spectrum where there are no Raman peaks. d)
The SNR of the CWT processed Raman spectrum at each point of the linescan.
6.3.4.2 SERS Mapping
Once the membrane was applied, a 1-D map could be made of the SERS signal, to demonstrate
the mapping potential of the technique. It should be noted that at the concentration of Rd6G used
here, no Raman peaks were visible in the areas without the gold nanostructure, meaning that the
SERS enhancement was essential if the presence of the material was to be identified. Further, using a
fluorescence-based method would be complicated because SU-8 and Rd6G both fluoresce strongly.
In this case, the fluorescent signal from SU-8 is greater than the Rd6G, which is the molecule of
interest here.
The Mitutoyo 100× objective was used, with a laser power of 100 µW, and two spectra were
acquired in each location, each with an integration time of 2 s. For each measurement, the focus of
the objective was manually adjusted. A three second delay was built into the program, so that the
objective could be adjusted, before being left still during spectrum acquisition. A step size of 5 µm
was used to ensure adequate sampling, although the ultimate spatial resolution of the technique is
limited by the spot size of the laser on the sample which can be produced.
The profile of the landscape could not be determined with the Dektak surface profiler, as the
jump in height at the glass/SU-8 boundary was too large for the needle to measure. Instead the
location of the ridges and valleys of the phantom could be determined by observing the magnitude
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of fluorescence point by point across the sample. Figure 6.13a) shows the result of a linescan of the
sample, indicating the maximum magnitude of fluorescent emission from illumination at 532 nm
light. The highly fluorescent areas are indicative of SU-8 ridges.
To analyse the linescan data, the CWT method described in section 6.2.5.1 was used. This data
analysis method is very robust to the background fluorescence, which varied considerably, as figure
6.13a) shows. The pink highlighting is a guide for the eye to show where the Rd6G is detected. No
preprocessing of the spectra was performed, except a median filter which removed the large single
pixel errors in the detector. The CWT of the mean of the two spectra taken at each location was
calculated, and the height of the 1651 cm−1 peak was used as the parameter of interest. The noise
was estimated by finding the standard deviation of the region of the CWT spectrum at wavenumber
greater than 1800 cm−1, where no peaks are found.
Figure 6.13b) shows two Raman spectra from the region of interest, before processing the the
CWT. The top panel is from a raised section of the phantom, where the smooth background from
the SU-8 fluorescence can be seen without any peaks, and the bottom panel is from a valley section
of the phantom, showing the peak of interest at the green line. This shows the absence of any Rd6G
on the raised section of the phantom.
Figure 6.13c) shows a plot of the size of the 1651 cm−1 peak of the spectrum at each location,
after being processed with the CWT. The error bars indicate the noise of the CWT spectrum. This
clearly demonstrates the two regions of the phantom. One is shaded in pink, and is where the CWT
peak is positive valued around 45, with a small error bar. The other is the white background area,
where the value of the CWT peak is distributed around zero, and almost all the points have zero
within the noise level. Negative CWT values, where they appear, indicate that there is a dip, rather
than a peak, in the noise at 1651 cm−1. Figure 6.13d) shows the CWT SNR of the 1651 cm−1 Raman
peak, where the peak size was divided by the noise level. This shows very clearly where Rd6G is
found with confidence, and where the Rd6G is not found.
Previously the SNR was identified with the concentration, but here it is more difficult to determine
whether this is the case. The noise is from fluorescence, so more information about the noise would
be required to extract the concentration reliably. However, using the nanoplasmonic membrane, the
locations of the presence of Rd6G can be stated confidently. The shape of the fluorescence spectrum
at all points is very similar, so it is possible that small amounts of Rd6G have infiltrated into the
SU-8, which would contribute to the overall fluorescence background in the ridge sections. The SERS
signal would not be affected because any Rd6G inside the SU-8 would not be in contact with the
patterned gold.
6.3.5 Discussion
The flexible substrate enabled the mapping of the SERS spectra across a fabricated phantom system.
The map tracked the size of one particular Rd6G peak, in a one dimensional line scan, and was able
to determine the presence or absence of the chemical. The CWT was used to robustly detect the
presence of Rd6G, despite the fluorescence background. Two dimensional mapping is also possible,
however the amount of time it takes to take each spectrum is prohibitively high, as 7 s was spent in
each location to allow for two measurements and time to manually adjust the focus. Although the
fishnet shown here was chosen to be highly reproducible, it might be useful in some instances to
sacrifice this for higher enhancement so that shorter acquisition times can be used. Further, automatic
refocusing systems exist which could eliminate the need for the presence of a person throughout the
experiment.
The possibility to take a SERS membrane and apply it to an object of interest, rather than the
other way round, opens up the possibility to bring SERS to new areas. In the case where an object
has spatial information which cannot be accessed by removal of material, such as in live biological
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tissue, a membrane could be placed to map the chemical structure of the object. One specific example
of this could be to study the excretion products of bacteria and cells.
Alternatively, a mark such as a fingerprint could be investigated by application of a SERS
membrane. The structure of the fingerprint could yield information about the identity of the person
in question, while the trace chemicals left in the print might give clues as to what activities the
fingerprint depositor had been doing previously. In this way chemical mapping could be of great
use. Raman spectroscopy has been used with fingerprints which have been lifted directly from the
fingertip with Scotch tape [227]. The finger was previously doped with various chemicals, and the
results showed these could be distinguished. A similar experiment has been demonstrated with
fingerprints on steel slides [228]. In neither of these cases was the fingerprint be mapped, rather
than just looking for trace chemicals. The application of a SERS membrane may allow mapping, if
it can be applied without disturbing the print. Even if mapping is not required, the two examples
of fingerprint measurements here require fingerprinting onto specific substrates, but in practical
application of this technique in the field, a fingerprint could be found on anything. Applying a
flexible SERS substrate would render the location of the fingerprint irrelevant, as the enhancement
could be added later, even onto curved objects.
The limitations of the current technique are the poor SNR, and the delivery of the analyte to
the sensing area. The SNR could be improved by either longer integration times, or using higher
NA objectives, however there is a trade off between the ease of use of a long working distance
system, and the NA. Additionally, as new lithographic resists and techniques become available,
more reproducible nanoplasmonic features will be able to be written with higher field enhancements.
Although the pattern shown here was an optimised fishnet, antenna array based designs could
improve the enhancement by providing nanogaps, which are the most efficient design for creating
electric field hotspots.
6.4 Conclusion
This chapter has detailed the development of a highly reproducible SERS substrate, first in a rigid
form factor, and then in a flexible package. In both cases the SERS spectra acquired have been shown
to have very low variability, which is remarkable in the flexible case, given that the flexible SERS
substrate undergoes several sharp bends during the final stages of fabrication, and peeling off from
the storage polystyrene. The fishnet structure used was optimised to the 532 nm excitation laser use
case.
The rigid substrate was demonstrated to have sufficient reliability to enable the quantitative
determination of a three component mixture of intracellular bio-molecules at physiologically relevant
concentrations. The flexible substrate demonstrated that a map could be produced, and the limitations
of the method have been discussed. Work is ongoing to demonstrate the flexible SERS membrane in
a landscape with less fluorescence. The use of the flexible membrane to map biological materials
in physiological settings would be the ideal use for the material developed here, and this is where
further work will be focused.
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Chapter 7
Further Applications and Conclusion
This final chapter contains some further applications for flexible nanoplasmonic membranes. The
work shown here has been started, but during the course of the past three and a half years there has
not been enough time to complete these projects, and so they do not deserve a chapter of their own.
Two additional coupling schemes, for exciting nanoplasmonic elements, are presented, and then one
additional application using optical tweezers. The chapter ends with the conclusion to the thesis.
7.1 Further Applications
Although LoF and SERS already contain within them many further avenues for exploration, the
flexible nanoplasmonic platform presented here has many other potential applications. This section
contains additional work which has shown promise, but has either not yet reached a state of utility
or has not yet been fully characterised and understood.
The ability for a flexible membrane to be mounted onto other objects gives them scope for many
different coupling arrangements. In both the LoF facet ending and SERS configuration, excitation
is from a beam perpendicular to the plane of the membrane. However, coupling to SPPs is by
evanescent waves is also a commonly used approach. Here two methods of using this technique are
presented.
7.1.1 Prism Excitation of Long Range SPPs
As section 2.2.3.2 in the introduction showed, prism coupling is a standard method for coupling to
SPPs from free space light. The most successful commercial product from the field of plasmonics,
so far, has been the Biacore platform for performing biochemical assays [229]. This platform uses
the prism coupling method, combined with ligands on the gold surface, to monitor the shift in SPP
resonance when bio-molecules of interest attach to the ligand. However, rather than simply exciting
SPPs on a continuous metal film, the nanoplasmonic membrane approach permits the fabrication of a
device separately to the prism, which can be applied later. In chapter 5, a grating coupling scheme to
excite SPPs was shown, however using a prism arrangement facilitates coupling at arbitrary locations
on the unpatterned membrane, which could be particularly useful if SPP based circuitry could be
patterned into the metal.
Figure 7.1a) shows a small membrane which has been applied to the back of a high refractive
index prism. This is a sandwich of silver, with poly(methyl methacrylate), PMMA, on both sides.
The fabrication procedure is identical to that of chapter 3, but the silver was unpatterned, and
a top layer of PMMA was spun after silver evaporation. The release layer used was poly(3,4-
ethylenedioxythiophene), or PEDOT, removed in water. PMMA was used in this example, because it
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a) b)
Figure 7.1: a) A PMMA:Ag:PMMA sandwich membrane applied to the reverse of a high refractive
index prism, by the water immersion method. b) The result of shining a red laser at the membrane
from the prism.
dissolves in acetone and so can easily be removed, albeit destructively, from the prism by a submersive
wash. Silver was used as the metal, because it has much lower losses than gold. Corrosion was not
an issue in this case because it could be encased on both sides by PMMA, so that the silver did not
come into contact with air.
The membrane was mounted onto the prism, by hydrophobically suspending the membrane
on the surface of deionised water, and bringing the prism up from beneath. After the membrane
is allowed to dry, it remains attached to the glass via van der Waals forces. The results in an Otto
coupling configuration, as in figure 2.7, except that the gap between glass and silver is PMMA rather
than air.
That this arrangement can excite SPPs is shown in figure 7.1b). The ring shape emanating above
and below the laser spot is a result of scattering from the rough surface of the silver [230]. The ring
only appears for light polarised such that the evanescent wave is TM on the silver layer, and not TE,
further indicating that it is an SPP mode which is excited. The vertical lines are thought to be the
waveguide modes of the PMMA, although a full model of this system still needs to be built and
assessed. The intensity of the ring is indicative of the surface roughness of the metal, which could
give a way to assess how the metallic layer in nanoplasmonic membranes is affected by bending.
Coupling in this symmetric membrane arrangement, with a thin silver layer surrounded on both
side with the same material, has the additional possibility of exciting long range surface plasmon
polariton (LRSPP) [231]. These can have propagation ranges up to 100 times longer than normal SPPs,
which are attenuated due to metallic losses [232]. LRSPPs are the result of the two metal/dielectric
interfaces, one on each side of the silver layer, being close enough to couple. Modes which have
symmetric and antisymmetric TE field component arise, of which the symmetric is the long range
mode. It has been shown that it is possible to excite this mode on metal strip waveguides using
the prism coupling method suggested here [233]. The flexible membrane approach suggested here,
however, has the additional benefit of being able to pattern the membrane in advance so that the
LRSPPs can be processed, in addition to propagating.
This excitation method, coupled with patterned metallic features could result in an interesting
platform for investigating plasmonic circuitry, which is trying to use SPPs and LRSPPs as a way
of processing light signals without having to convert them to electronics [19]. Although the device
in figure 7.1a) is very bulky, the possibility to fabricate small SU-8 prism structures on top of the
PMMA makes a way of miniaturising the platform possible.
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Figure 7.2: SPPs can be affected by the geometry upon which they are propagating.
7.1.2 Physics of SPPs on Curved Surfaces
Transformation optics is a tool which gives unprecedented control over how light propagated through
a system [22], [58]. In this conceptual framework, light is manipulated by coordinate transforms via
refractive index changes in the material. Light always travels an extremal optical path, which in the
transformed frame is a straight line, analogous to general relativity’s geodesics. Controlling SPPs
in this way has recently become a topic of theoretical interest, both by altering the refractive index
of the cladding layer [234], or by curving the surface of the metal layer itself, creating a geometric
potential [235]–[237].
Flexible nanoplasmonic membranes provide a testbed for this type of application, because the
geometry can be changed after fabrication. Using the prism coupling method, shown in the previous
section, it could be possible to mount a membrane onto the curved surface on the back of the prism,
and induce excitations at different points to observe how they propagate. Figure 7.2 shows how this
scheme might look, with an SPP being bent by a bump in the surface of the metal.
7.1.3 D-fibre Mounted Plasmonic Membranes
D-shaped fibres are optical fibres which have had a part of their sides etched away, so that their cross
section is no longer circular, but has a circular segment missing. The etch depth varies according
to application, but typically either goes through both the fibre jacket and cladding to the core, or
leaves the core protected by a very thin layer of cladding. The light which is shone through the
fibre transmits from end to end, but an evanescent tail of the light extends beyond the fibre at the
D-shaped section.
The top panel of figure 7.3 shows how D-shaped fibre devices are typically made, where the core
is the darker section in the middle. The D-shaped area is embedded in glass to facilitate handling
and mounting. This is very well suited to plasmonic membranes, because they can be applied to the
glass area, as shown in the same figure panel. D-shape fibres are often used to couple to external
devices, and have been shown to excited SPPs on continuous metallic films [238]–[240]. In addition,
by roughening the surface and applying silver nanoparticles SERS measurements have been shown
in this geometry [241].
A set-up was built to investigate this arrangement, but directly coupling light to the membrane
from the D-shaped fibre resulted in a large number of variables, which made understanding the
results difficult. Using SU-8 as the membrane, which has a higher refractive index than the glass,
it is hoped that a waveguide mode in the membrane will be excited, which in turn will excite the
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Figure 7.3: Top panel: A schematic of the use of D-shaped fibres with nanoplasmonic membranes.
Middle panel: A diagram of the design used for FEM modelling, with three cross sections labelled.
Bottom panel: The electric field profile through the labelled sections.
nanoplasmonic elements on the membrane. Using a single mode fibre, and a thin membrane which
one supports one mode, should result in a very predictable response.
COMSOL Multiphysics was used to build a model of the system. In order to accurately simulate
the appropriate structure, a two-dimensional approximation was made, so that the waveguide was a
slab, rather than having a circular cross section. Additionally, the radius of curvature of the fibre at
the point of etching is very large, compared to the wavelength of light so using a FEM which directly
solved Maxwell’s equations would result in too many mesh elements to be solvable. For the fibre to
which we had access, the radius of curvature was 3.5 inches, and the light used had a wavelength
of 1550 nm. To remove the difficulty of meshing such a structure, the COMSOL EM waves, Beam
Envelopes module was used. This package uses the slowly varying envelope approximation, which
factorises the propagating light into a quickly oscillating part which varies as the light frequency, and
an envelope function which denotes the amplitude of the wave at each point. This approximation
means that instead of a mesh point being required every λ/10, mesh points could be clustered
where the envelope was changing quickly. The membrane was 1 µm thick, so that it would only
support one mode. This approach limited the simulations to membranes without nanoplasmonic
features, but once the field profile in the membrane was found, a separate simulation could be run
launching the appropriate mode into a standard FEM of a subsection of the system including the
nanoplasmonic membrane.
The middle panel in figure 7.3 shows a sketch of the geometry used, although not to scale. The
fibre modelled was a Corning Glass SMF-28 single mode step index fibre, with 8 µm diameter core.
The refractive indices of the fibre were taken from the SMF-28 data sheet. The fibre was etched so
that the outer face of the etched section was 4 µm from the core. The wavelength of light used was
1.55 µm, with an in plane polarisation. It was found, using this model, that using an oil between
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Figure 7.4: SU-8 membranes fabricated with handles for optical trapping. Fabrication and photograph
of this sample: Blair C. Kirkpatrick.
the fibre and the membrane, with refractive index of the geometric mean between fibre core and
membrane resulted in optimal coupling. The state of the experiment is now determining how to
mount the membrane with the oil buffer in a consistent manner.
Three cross sections are marked in the middle panel of figure 7.3: A shows the initial electric field
profile sent into the fibre; B shows the field where the membrane is closest to the fibre core; C shows
the profile as it exists the fibre. These are shown for an oil filled distance between the D-shaped fibre
and membrane of 1.25 µm, although the results are robust for all distances less than approximately
one wavelength of incident light, beyond which light can escape into the oil. For all oil thicknesses
less than one wavelength, the transmission through the structure is greater than 98%, and panel B in
figure 7.3 shows that the electric field in the membrane can be as much as 20% of the peak in the
core.
The simulations therefore show that the mode is changing adiabatically into a mode which
contains the membrane and the core, and then back to the core only mode. Once the mode is in
the core, it can then excite the plasmonic features which can be fabricated on top of the membrane.
Although the amplitude of the field in the membrane is only 20% of the field in the core, the
fact that little light is lost means that light could be recirculated in the fibre to amplify any signal
from the nanoplasmonic elements. This is seen as another valuable method for coupling light to
nanoplasmonic membranes. The first test will be to show that a simple grating structure on the
membrane can operate as the reverse of a GMR type filter, where instead of light being coupled from
normal incidence into the membrane’s waveguide modes, the reverse happens and light is coupled
out from the fibre at specific frequencies. Additionally, taking the SERS work forward in a relatively
alignment free package is desirable, as if the membrane can be placed reliably onto the D-shaped
fibre, the excitation light will be automatically coupled.
7.1.4 Integration into Optical Tweezer Systems
Another intriguing application is to integrate nanoplasmonic components into an optical tweezer
system. Although effort has gone into developing optical trapping techniques which use plasmonic
resonances as the traps [242]–[244], or even to trap metallic nanoparticles [245], optical trapping
applications could be advanced by trapping a nanoplasmonic device itself. The optical trap then
provides a highly accurate way of moving and manipulating such a device, for use in a wide range
of experiments.
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Optically trapping spheres is well understood, but extended objects are more difficult. Figure 7.4
shows the possibility to trap a membrane with handles, created by another member of the Synthetic
Optics Group, Blair C. Kirkpatrick. Here the membranes are fabricated from SU-8, so are entirely
compatible with the fabrication scheme presented in this thesis. The membranes shown have already
had the SU-8 membrane surface patterned, but if it could be adorned with a metallic pattern, then
an additional probe beam could be used to excite nanoplasmonic elements. Since optical trapping
set-ups already use high NA objectives to provide the required optical forces, SERS substrates could
be excited in this way. The trapped membrane could then be moved into position, by optical forces,
onto an object of interest, and the SERS response of that object could be measured.
7.2 Conclusion
This thesis has shown how to enable flexible, conformable, membranes to support nanoplasmonic
functional elements. The fabrication procedure has been explained, along with the handling and
storage requirements. Polymeric membranes with a patterned gold layer, even down to a total
thickness of less than 300 nm have been shown to be robust to various manipulations, including
being applied to the facet of an optical fibre. Although care is required, these materials are not
intrinsically more difficult to handle than other optical components, such as pellicle beam splitters.
Remarkably, the nanostructures demonstrated in this thesis have not had their optical properties
observably changed or degraded by being bent. As well as a fabrication platform being developed, a
capability for characterisation and simulation was built.
The flexibility requirement for these membranes has primarily been viewed in terms of con-
formability to a host object. A membranes’ rigidity varies as the third power of thickness for any
particular material, so the robust fabrication of thin membranes allows for conformable devices. Two
major applications for such materials have been shown, firstly as a way to implement reversible LoF
functions, and secondly as a way to implement a flexible, conformable, SERS substrate.
The LoF devices demonstrated were filters, which could be used for pump/probe type ex-
periments, but were general examples for implementing nanoplasmonic and metasurface facet
terminations into LoF. Flexibility allowed the device to make good contact with the fibre, even
though the facet was not perfectly cleaved. In addition, flexible nanoplasmonic membranes have
enabled HCPhCFs to be brought into use for LoF applications.
Using a precisely defined EBL method allowed the fabrication of a highly repeatable and reliable
SERS substrate, in both rigid and flexible formats. The rigid device was able to demonstrate the
determination of the relative concentrations of three component mixtures of bio-markers, one of
which is a potential cancer marker. The flexible substrate was able to provide in situ mapping of a
non-planar object, identifying Rd6G in an artificially generated landscape. This same technology
will shortly be applied to more complicated geometries and biological specimens, which are rarely
planar.
This final chapter has shown how additional coupling mechanisms which the geometry of the
membrane can support could enable further applications, including the investigation of new trans-
formation optics type experiments for SPPs on curved surfaces, for which a theoretical framework is
expanding.
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